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Abstract 
 
Exercise training represents a potent stimulus to the parameters of aerobic and anaerobic 
fitness in adults; whether the same is true in young girls is unclear. For some parameters, 
such as peak
 
oxygen uptake, the influence of training status remains controversial whilst 
for other parameters, such as oxygen uptake kinetics, the influence of training status 
remains simply uninvestigated in young girls. Despite this lack of empirical evidence, it has 
been suggested for some time now that children may lack trainability and that this may be 
related to the presence of a maturational threshold below which significant adaptations to 
training cannot occur. This suggestion requires investigation, not least because the findings 
of some studies which appear to support this contention may in reality be a reflection of the 
use of an inappropriate test modality for the investigation of training status influences. The 
purpose of this thesis was therefore to determine the physiological trainability of girls at 
different stages of maturation and to investigate the interaction between training status, 
maturity and exercise modality. To achieve this purpose a series of 5 studies was 
completed, in which trained and untrained girls completed ramp incremental exercise, 
constant-work-rate exercise and Wingate exercise on two exercise modalities, one upper 
(arm crank) and one lower body (cycle). During these tests, cardiovascular, respiratory, 
metabolic and mechanical power parameters were assessed. In response to ramp 
incremental exercise, trained girls were shown to have a higher peak V&O2, SV and Q&
 
at all 
stages of maturity, along with an altered SV and fractional muscle oxygen extraction 
pattern, irrespective of exercise modality. The importance of exercise modality was evident 
during heavy intensity constant-work-rate exercise in pre-pubertal girls, where training 
status was only associated with significant influences on V&O2 kinetics (faster phase II time 
constant in trained girls) during upper body ergometry. In contrast, pubertal trained girls 
had faster V&O2 kinetics during both exercise modalities, an influence which may suggest 
both central and peripheral adaptations to the delivery and utilisation of oxygen. Exercise 
modality was also revealed to be an important factor in the demonstration of training status 
influences during a 30 s Wingate test, with trained girls at all stages of maturity exhibiting 
higher mechanical power indices during upper body ergometry only. An influence of 
training status was also evident in the lower fatigue index found in the trained girls at all 
stages of maturity during both modalities, but no influence was found in the oxidative 
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contribution to the Wingate test. None of these studies revealed an influence of maturity 
status in determining the magnitude of training status effects. Overall, the 5 studies 
encompassed within this thesis demonstrate that children are trainable and that this is not 
moderated by maturity.  
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Chapter 1  
 
Introduction 
 
 
Training may occur under a multitude of guises and with a variety of intended outcomes 
but the underlying concept is the same: training is a series of practices, the object of which 
is to render a man or an animal, as completely and quickly as possible, fit for the 
performance of a given work (Lagrange, 1889). Although this definition was published 
more than 120 years ago, the current definition for training in the Oxford dictionary differs 
very little with the verb to train described as to make or become physically fit through a 
course of exercise and diet. The constancy in the definition of training is perhaps the least 
surprising realisation arising from the consideration of the history of training. Far more 
surprising and humbling is the realisation that many of the stipulations made of athletes 
today differ principally in terminology rather than meaning to those made centuries or even 
millennia ago, as exemplified in the extract above. Our knowledge and understanding of 
sport, exercise and training, and the underlying physiology, have nonetheless been 
revolutionised since the time of the Greek Empire when athletics were considered a 
supreme duty through which to approach the divine, a revolution largely occurring since the 
re-introduction of the Olympic Games in 1896. Since this time there have been many 
landmark events such as the Nobel prize winning works of Archibald Hill and Otto 
Meyerhof, all of which can be considered to have contributed to the remarkable feats 
achieved by modern day Olympians such as the 14 times gold medallist, Michael Phelps, 
whose training regime is certain to be a long way from that shown in Figure 1.1 detailing 
the preparation for a rowing “match” in the 19th century. 
 
A feature common to the vast majority of research investigating training and performance 
parameters is the concentration on adult populations, a focus largely attributable to the 
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discouraging nature of the additional challenges facing researchers investigating paediatric 
physiology. The consequence of this focus is a dearth of information regarding training and 
performance in paediatric populations compared to adults, with questions as fundamental as 
whether children are physiologically trainable and, if so, how this trainability manifests 
itself remaining equivocal (Baxter-Jones & Mundt, 2007; Tolfrey, 2007).  
 
 
Figure 1.1 An excerpt from the 
Physiology of Bodily Exercise  
describing a training regime followed 
by a young male participant to 
prepare for a forthcoming rowing 
match (Lagrange, 1889). 
 
 
 
 
 
 
 
 
 
 
 
 
 
A key tenet within paediatric physiology is that children are not mini-adults and their 
responses are not necessarily simply scaled down versions of adult responses (Armstrong & 
Welsman, 2002). Consequently the knowledge gained from the extensive research 
investigating training induced adaptations in adults has a very limited applicability within 
paediatric populations. Participation in youth sports is increasing (Anderson et al., 2000; 
Baxter-Jones & Mundt, 2007) along with the duration, frequency and intensity of the 
training believed to be associated with success in these sports, whilst the age at which these 
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training regimes are commenced continues to decrease. Such trends emphasise the 
importance of increasing our understanding of the interactions between training and 
physiological adaptations throughout growth and maturation. Understanding these 
interactions may also provide an insight into the dose-response relationship thereby 
allowing training programmes to be tailored and orientated to child athletes. Appropriate 
tailoring of training programmes to paediatric populations could have significant 
implications on the motivation and enjoyment of participants and, consequently, on the 
youth drop-out rate. 
 
A paradoxical trend in youth populations is the general decrease in physical activity and the 
“obesity epidemic” which considerable effort is focused on resolving (Twisk, 2007). 
However, the data behind these efforts are incomplete so the guidelines continue to be 
largely ineffectual. Although intensive training lies on the opposite end of the physical 
activity scale, information regarding the continuum of physical activity levels can only be 
beneficial in advancing and improving guidelines and remedying this epidemic. 
 
This thesis investigates the influences of swimming-training status on the physiological 
responses to exercise in young girls with the intention of furthering knowledge regarding 
the trainability of children throughout the processes of growth and maturation. 
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Chapter 2 
 
Review of Literature 
 
2.1 Parameters of aerobic fitness 
 
Aerobic fitness can be defined as the ability to deliver oxygen to the working muscles and 
to utilise this oxygen to provide energy during exercise. Aerobic fitness is therefore 
dependent on the interaction of the pulmonary, cardiovascular and haematological 
components of oxygen delivery as well as the oxidative mechanisms for oxygen utilisation 
within the muscle (Tolfrey et al., 1998). Four key parameters have been identified for the 
assessment of an individual’s aerobic fitness: maximal oxygen uptake (V&O2), the lactate or 
gas exchange threshold, exercise economy and the kinetics of oxygen uptake (Whipp et al., 
1981). In adults, all of these parameters are highly sensitive to training in both healthy 
(reviews: e.g. Jones & Carter, 2000; Midgley et al., 2006) and diseased populations 
(reviews: e.g. Ivey et al., 2008; Meka et al., 2008). However, considerably less information 
is available regarding the influence of training on these parameters throughout the 
processes of growth and maturation. The following sections discuss the evidence available 
detailing the influence of training on these four parameters in paediatric populations and 
aim to contextualise this information with regard to the more substantial information 
available in adult populations. 
 
2.1.1 Maximal and peak oxygen uptake 
 
The concept of a maximal oxygen uptake (V&O2 max) has been one of the defining 
paradigms in exercise physiology for more than 75 years (Welsman et al., 1997) and is 
generally considered to be the gold-standard measurement for the assessment of aerobic 
fitness (Rowland, 1990). V&O2 max was first described by Hill and Lupton (1923) as “the 
oxygen uptake attained during maximal exercise intensity that cannot be increased despite 
further increases in exercise workload” and has since become the most researched variable 
in paediatric exercise science (Armstrong & Fawkner, 2007). 
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A principal criterion of the conventional V&O2 max concept is the attainment of a plateau in 
oxygen uptake, a phenomenon rarely observed in children regardless of the leniency of the 
criteria used to define the attainment of a plateau (Astrand, 1952; Rivera-Brown et al., 
1992; Armstrong et al., 1996). Early studies suggested the absence of a V&O2 plateau may 
be related to lower levels of motivation or a decreased anaerobic capacity in children 
compared to adults (Paterson et al., 1981; Rowland, 1989; Armstrong & Welsman, 1994; 
Howley et al., 1995). However, more recent studies have cast doubt on these early 
suggestions, showing no relationship between peak heart rates, peak blood lactate 
concentrations or peak V&O2 and the presence or absence of a V&O2 plateau (Armstrong et 
al., 1996; Armstrong & Welsman, 1997; Barker et al., 2009). Consequent to the frequent 
absence of a V&O2 plateau, the highest V&O2 achieved during a progressive exercise test to 
exhaustion in children is commonly referred to as the peak V&O2.  
 
To aid in the determination of whether the peak V&O2 achieved in a test is representative of a 
true exhaustive effort a number of secondary criteria have been proposed. The secondary 
criteria suggested for children include a respiratory exchange ratio (RER) in excess of 1.0 
for treadmill exercise or 1.05 for cycle exercise, a peak heart rate in excess of 95% age 
predicted maximum or 195 beats·min-1 and subjective signs of maximal effort such as facial 
flushing, hypernoea and sweating (Stratton & Williams, 2007). However, even when these 
secondary criteria are met it is argued that the only way to determine if a true maximum 
effort and therefore peak V&O2 has been attained is to complete a supramaximal exercise test 
after the incremental test (Barker et al., 2009). If during this test, conducted at 105% of the 
maximum work rate achieved during the incremental test, V&O2 does not increase 
significantly from the value obtained in the incremental test, a true maximal effort can be 
considered to have been given. 
 
Although the considerable amount of research concerning peak V&O2 may suggest 
otherwise, it is important to highlight the limited practical applicability of peak V&O2, 
especially within training and performance environments as it cannot be used as predictor 
of future performance (Matos & Winsley, 2007) or for the design of “optimal” training 
programmes (Bosch, 2006; Jones, 2006). Furthermore, peak V&O2 appears to demonstrate a 
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limited adaptability to training, even in adults, as shown by studies which were unable to 
discriminate between individuals of homogenous performance on the basis of peak V&O2 
results (Wasserman et al., 1973; Impellizzeri et al., 2005; Meyer et al., 2005). In contrast, 
even in the presence of a stable peak V&O2, other response parameters identified as 
determinants of aerobic fitness may be altered by training as has been reported for both 
Paula Radcliffe (Jones, 2006) and Lance Armstrong (Coyle, 2005). It is therefore important 
to consider all of the parameters of aerobic fitness as opposed to focusing solely on peak 
V&O2 as much of the literature available concerning children has done. 
 
2.1.1.1 Influence of training on peak 2OV
⋅
 in adults 
 
Aerobic training in adults results in significant improvements in peak V&O2, with typical 
increases of 15-30% following training in an originally relatively sedentary participant 
(Rowell, 1993). A large inter-participant variation is present in the magnitude of the 
training-induced improvements, a variation at least partially attributable to genetic factors 
predisposing some participants to greater gains than others (Bouchard et al., 1992). Other 
causes of this variation are the initial level of peak V&O2, which demonstrates an inverse 
relationship with the training-induced improvement in peak V&O2 (Rowell, 1993), and the 
quantity and quality of the training undertaken, which will influence the improvements in 
peak V&O2 in a dose-response manner (at least until a certain point after which no further 
increases in peak V&O2 occur) (Londeree, 1986; Mahon, 2008).  
 
2.1.1.2 Influence of training on the peak V&O2 in children 
 
Many early studies investigating the influence of training on childrens peak V&O2 responses 
provided more confusion than clarity due to methodological limitations. These 
methodological limitations included inappropriate training programmes, a lack of a 
comparable control group and/or a testing modality unspecific to the training undertaken. 
Consequently, and in concert with the prevailing assumptions of the time, pre-pubertal 
children were largely found to demonstrate minimal or no training-induced increases in 
peak V&O2 (e.g. Kobayashi et al., 1978; Mirwald et al., 1981; Welsman et al., 1996; 
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Welsman et al., 1997; Tolfrey et al., 1998). In contrast, more recent, methodologically 
sound studies indicate that pre-pubertal and pubertal children do demonstrate training-
induced increases in peak V&O2 (e.g. Baquet et al., 2002; Nottin et al., 2002b; Obert et al., 
2003; Rowland et al., 2009a). The extent to which peak V&O2 increases following training 
remains controversial but a recent meta-analysis suggests an increase of 5-6% is typical in 
children when data are appropriately analysed (Baquet et al., 2003). Similar to findings in 
adults, there is a large inter-participant variation in the magnitude of peak V&O2 increases 
following training, the majority (52%) of which is suggested to be related to the pre-
training peak V&O2 (Mahon, 2008).  
 
The reason for the smaller improvements in peak V&O2 following training in children 
compared to adults is unclear but may be related to the habitual level of physical activity 
and/or to the hormonal milieu present. It is proposed that the habitual level of physical 
activity and the degree of improvement observed following training may be related due to 
the overload principle. This principle requires that the amount of exercise performed in a 
training programme must exceed what the participant is accustomed to in order for 
adaptation to occur (Mahon, 2008). Therefore, if children exhibit a higher level of habitual 
physical activity than their adult counter-parts but a similar training programme is 
employed for both, as has frequently been done, smaller improvements would be expected 
in children following training. This explanation is both supported (Rowland & Boyajian, 
1995) and refuted in the literature (Tolfrey et al., 1998). Alternatively, a popular hypothesis 
to explain the child-adult disparity in training-induced improvements in peak V&O2 is the 
“trigger hypothesis” which was first suggested by Katch (1983). He suggested that there 
may be a critical point during puberty below which the effects of exercise training will be 
minimal or will not occur at all, a viewpoint supported by others (Kobayashi et al., 1978; 
Mirwald et al., 1981; Rowland, 1985; Mercier et al., 1987; Rowland, 1992; Payne & 
Morrow, 1993). The physiological mechanisms for this phenomenon were suggested to be 
changes in the hormonal environment, specifically androgens and growth hormones, which 
are associated with the “initiation of puberty and that influence functional development and 
subsequent organic adaptations” (Katch, 1983). This hypothesis led to suggestions that 
there may be a “golden period” during which the influence of training is maximised, a 
period originally proposed to be the pubertal years. However, although frequently proposed 
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as an explanation, there is little evidence for a maturational threshold. In contrast, evidence 
against a maturational threshold has been provided by a training intervention study 
involving groups of identical twins differing in pubertal status. In this study in which one of 
each of the identical twins completed a 10 week training programme whilst the other twin 
acted as a control, the largest improvements in peak V&O2 were observed in the pre-pubertal 
trained twins  (Weber, 1976). Further work is clearly required to resolve the mechanisms 
responsible for the smaller increases in peak V&O2 consequent to training in children and to 
establish whether a “golden period” for the development of aerobic adaptations exists. 
 
2.1.1.3 Mechanistic basis of training influences
 
 
The Fick equation dictates that the training-induced increases in peak V&O2 must be related 
to an increased cardiac output ( Q& ) and/or an enhanced arteriovenous oxygen difference 
( 2Ov-a difference). In adults, Q&  is increased following training due solely to an increased 
stroke volume (SV) as maximal heart rate (HR) is generally unchanged (Clausen, 1977; 
Blomqvist, 1983; Poole & Gaesser, 1985; Phillips et al., 1995; Daussin et al., 2007) 
(although some studies suggest maximal heart rate may decrease (Ekblom et al., 1968; 
Rivera-Brown et al., 1992; Goodman et al., 2005)). This increased stroke volume is 
suggested to be related to both morphological adaptations, such as an increased left 
ventricular mass and volume and an increased intraventricular and posterior wall thickness, 
and to functional adaptations reflected by an increased preload (e.g. George et al., 1991; 
DiBello et al., 1996; Caso et al., 2000; Stickland et al., 2006; Venckunas et al., 2008).  
 
The 2Ov-a  difference is the amount of oxygen extracted from the arterial blood (i.e. 
fractional oxygen extraction), therefore indicating the balance between oxygen delivery and 
utilisation. This parameter can be estimated using near-infrared spectroscopy which 
measures the deoxygenated haemoglobin and myoglobin signal ([HHb]) (DeLorey et al., 
2003; Grassi et al., 2003; Ferreira et al., 2005). In adults, training-induced increases in peak 
V&O2 are also related to an enhanced 2Ov-a  difference, an adaptation evident in both the 
elevated peak values (Volianitis et al., 2004; Daussin et al., 2007) and the rightward 
displacement of the [HHb] response pattern relative to work rate (Boone et al., 2009). This 
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enhanced fractional oxygen extraction is facilitated by an increased mitochondrial density 
and oxidative enzyme activity (Holloszy, 1967; Mogensen et al., 2006), and possibly by 
differences in muscle fibre type distribution and capillarity (Boone et al., 2009). 
 
In children, empirical evidence indicates that training-induced increases in peak oxygen 
uptake are similarly related to an enhanced stroke volume, and consequently cardiac output, 
as maximal heart rate is unaffected by training (Rowland et al., 2000; Nottin et al., 2002b; 
Obert et al., 2003). There are a number of conflicting hypotheses regarding the mechanistic 
basis of this enhanced stroke volume in children but the current consensus is morphological 
rather than functional adaptations of the myocardium (Rowland et al., 2009b). 
Morphological adaptations typically reported in children are an increased left ventricular 
dimension and mass (Nottin et al., 2004; Rowland et al., 2009a) with an increased 
intraventricular and posterior wall thickness also suggested (Ayabakan et al., 2006), 
although the latter adaptations remain controversial (Nottin et al., 2004; Obert et al., 2009; 
Rowland et al., 2009a). Since all of the aforementioned morphological adaptations occur in 
adults following training (e.g. George et al., 1991; Caso et al., 2000) there appears to be an 
age-related progression in morphological training adaptations. This age-related disparity 
may be associated with a biological immaturity such as a lack of testosterone (Rowland et 
al., 1994; Obert et al., 2003), thereby agreeing with the trigger hypothesis postulated by 
Katch (1983), or to an overload limitation either due to the lower blood pressures present in 
children during exercise (Nottin et al., 2002b) or the shorter duration of training undertaken 
by children (Nottin et al., 2004). 
 
Support for morphological rather than functional adaptations is provided by studies 
demonstrating an enhanced stroke volume at rest and a similar response pattern in trained 
and untrained children (Rowland et al., 2000; Nottin et al., 2002b; Obert et al., 2003; 
Rowland et al., 2009a). This commonly observed response pattern is an initial rise in SV 
due to the mobilisation of the blood pooled in the lower extremities due to gravity 
(Rowland, 2009; Rowland et al., 2009a) followed by a plateau at around 40-50% peak V&O2 
until exhaustion. Alternatively, however, stroke volume has been suggested to 
progressively increase until maximal exercise intensities in both trained children (Rowland 
et al., 1998) and trained adults (Crawford et al., 1985; Ferguson et al., 2001; Warburton et 
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al., 2002), suggesting functional adaptations also occurred in response to training. The 
stroke volume pattern in response to exercise and the mechanistic basis of the enhanced 
stroke volume generally reported in children after training therefore remain to be 
determined conclusively. 
 
The other explanatory variable of peak V&O2 according to the Fick equation, the 2Ov-a  
difference, does not appear to be influenced by training in children, either at rest or at 
maximal exercise intensities (Rowland et al., 2000; Nottin et al., 2002b; Obert et al., 2003). 
However, the pattern of the 2Ov-a difference response between these two points has 
received very little attention in children, despite the insight it provides into the balance 
between oxygen delivery and utilisation. The limited available evidence suggests the 
2Ov-a difference increases progressively in response to exercise in healthy, untrained 
children (Rowland et al., 1997; Turley & Wilmore, 1997a, b; Nottin et al., 2002b) but no 
information is available concerning the influence of training on this pattern. 
 
In conclusion, peak V&O2 appears to be influenced by training in children, although to a 
lesser degree than in adults. Much work remains to determine the factors responsible for the 
smaller increase in children as well as to determine conclusively the mechanisms 
responsible for the enhanced peak V&O2. Areas which particularly warrant further 
investigation are the stroke volume and 2Ov-a difference response patterns and the 
influence of training on them.  
 
2.1.2 Lactate or gas exchange threshold 
 
The lactate threshold (LT), determined during an incremental test, refers to the metabolic 
rate at which the blood lactate concentration first begins to increase above baseline levels. 
Originally attributed to an appreciable increase in the anaerobic contribution to the energy 
production, it is now accepted rather to reflect alterations to the cellular redox and 
phosphorylation potentials that drive mitochondrial respiration (Connett et al., 1990). The 
onset of blood lactate accumulation is accompanied by bicarbonate buffering and, 
consequently, by the generation of non-metabolic carbon dioxide (CO2), which causes an 
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increase in carbon dioxide output (V&CO2) and, therefore, minute ventilation (V&E). Aimed at 
maintaining blood gas and pH homeostasis (Davis, 1985), this ventilatory response also 
provides a non-invasive approach to determining the lactate threshold by consideration of 
the respiratory gas concentrations. A number of methods have been proposed but perhaps 
the most commonly used is that proposed by Beaver et al. (1986) in which the respiratory 
gas equivalent of the lactate threshold is referred to as the gas exchange threshold (GET). 
However, although a close link has long been postulated between the lactate and gas 
exchange thresholds, controversy continues regarding the underlying physiological 
mechanisms with the process described above only one of many suggested mechanisms 
(Wasserman et al., 1973; Dickhuth et al., 1999; Meyer et al., 2005; Peronnet & Aguilaniu, 
2006). The GET (or LT) generally occurs at 45-60% peak V&O2 in adults (Jones & Poole, 
2005a) and 45-70% peak V&O2 in children (e.g. Cooper & Weiler-Ravell, 1984; Paterson et 
al., 1987; Fawkner & Armstrong, 2002; Fawkner & Armstrong, 2004b, a). 
 
The GET is relevant within a training and performance environment due to its applicability 
in the design and optimisation of training programmes to an individual. The GET has been 
suggested to represent the optimal training intensity for improvements in endurance fitness 
(Weltman et al., 1990; Mader, 1991), providing a high quality aerobic training stimulus 
without the accumulation of blood lactate which would compromise training duration 
(Macdougall, 1977; Weltman, 1989). Given more detailed investigation, the GET could 
therefore be very useful in the optimisation of training programmes to an individual, 
providing a scientific basis to the training regime rather than the historical and personal 
experience basis which is currently widely employed. 
 
2.1.2.1 Influence of training in adults 
 
In adults, the gas exchange threshold (or LT) has been shown to be a strong predictor of 
endurance performance (Farrell et al., 1979; Tanaka & Matsuura, 1984; Coyle et al., 1991; 
Jones & Doust, 1998) and to be highly sensitive to training which causes an increase in the 
percentage of peak V&O2 at which the GET occurs (Davis et al., 1979; Fouquet & Poty, 
1982; e.g. Carter et al., 1999; Fukuoka et al., 2002; Kilding & Jones, 2008). Similarly, the 
lactate concentration at which the lactate threshold occurs is also increased by endurance 
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training, as illustrated in figure 2.1. This improved GET (or LT) allows a higher relative 
exercise intensity to be sustained without the accumulation of blood lactate, thereby 
delaying the onset of fatigue. Although it remains controversial, fatigue has been suggested 
to be associated with blood lactate accumulation either through the effects of metabolic 
acidosis on contractile function (Sahlin, 1992) or through an accelerated depletion of 
muscle glycogen (Boyd et al., 1974). An increased GET is therefore a clear indicator of an 
enhanced endurance capacity (Jones & Carter, 2000) and may be related to a decreased rate 
of lactate production (Favier et al., 1986). Lactate production may be reduced because of a 
lower rate of muscle glycogen utilisation (Saltin & Karlsson, 1971; Fitts et al., 1975; Saltin 
et al., 1976; Favier et al., 1986) or due to faster oxygen uptake kinetics which would reduce 
the reliance on non-oxidative glycogen utilisation. Alternatively, the increased GET may be 
due to a training-induced improvement in the ability to eliminate lactate from the blood 
(Donovan & Pagliassotti, 1989; Freund et al., 1992; MacRae et al., 1992; Bonen et al., 
1997) by an increased uptake and oxidisation of lactate in the liver and muscles (Sumida et 
al., 1993), enabled by the increased oxidative enzyme capacity of trained participants 
(Stallknecht et al., 1998).  
 
 
Figure 2.1 Typical blood lactate response 
pre and post a 6 week training 
intervention in adults. The lactate 
threshold, denoted by the vertical arrows, 
occurs at a higher running speed 
following training. Adapted from Carter 
et al. (1999). 
 
 
 
2.1.2.2 Influence of training in children 
 
There is a paucity of information with respect to the influence of training on the GET in 
children. Furthermore, the information available is contradictory, with some suggesting that 
the GET is unaltered by training in children (Obert et al., 2000; Cleuziou et al., 2002) and 
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others suggesting the GET is increased (Paterson et al., 1987; Mahon & Vaccaro, 1989; 
Haffor et al., 1990). This discrepancy may have arisen due to assumptions on which some 
authors’ conclusions were based. For example Paterson and colleagues (1987), who 
conducted a 5 year longitudinal study and reported the ventilatory threshold as a fraction of 
peak V&O2 to increase in a cohort of boys from 11-15 years, attributed this increase to 
training. However, caution is advisable when considering this conclusion as no control 
group was studied and consequently the influence of growth and maturation cannot be 
accounted for. Furthermore, these authors’ conclusions are based on evidence suggesting 
ventilatory thresholds as a fraction of peak V&O2 decrease with age (Cooper et al., 1984; 
Gaisl & Buchberger, 1984; Kanaley & Boileau, 1988), evidence refuted by more recent 
studies (Rowland & Green, 1988; Mahon et al., 1997; Mahon et al., 1998). The relationship 
between the GET and performance also remains unclear in children as some results indicate 
a similar correlation to that found in adults (Zanconato et al., 1989; Hebestreit et al., 2000) 
whilst other results cast doubt on this suggestion (Reybrouck et al., 1985; Paterson et al., 
1987). Therefore, although it has previously been concluded that the gas exchange or 
ventilatory threshold can be reliably determined and studied in children (Mahon & 
Cheatham, 2002), little further work has been conducted to elucidate the influence of 
maturation or training on the threshold or, indeed, on the interaction between these two 
factors. 
 
2.1.3 Exercise Economy 
 
Exercise economy can be defined as the oxygen uptake required at a given absolute 
exercise intensity and therefore describes the relationship between oxygen consumption and 
exercise velocity or intensity. As exercise economy is not assessed in this thesis, only a 
brief summary of the influence of training is provided here.  
 
2.1.3.1 Influence of training in adults 
 
In adults, performance and exercise economy are closely related (e.g. Conley & 
Krahenbuhl, 1980; Daniels & Daniels, 1992; Diprampero et al., 1993), with exercise 
economy proposed to provide a better indicator of performance than peak V&O2 for elite and 
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near-elite runners (Costill et al., 1973; Morgan et al., 1989). An enhanced exercise 
economy (i.e. a lower V&O2 for a given absolute speed or exercise intensity) is advantageous 
because it enables the energy demands of a given exercise intensity to be met by a lower 
percentage of peak V&O2, thereby delaying the onset of fatigue and increasing exercise 
tolerance. However, whilst training is accepted to increase exercise economy in adults, less 
clear is the type and duration of the training required to elicit such responses. 
 
2.1.3.2 Influence of training in children 
 
Exercise economy has been investigated in children for decades, with the earliest work 
dating back to a study by Astrand in 1952 who reported age and sex differences in the 
running economy of children, with younger children and girls having lower exercise 
economy values (higher V&O2 for a given running speed) than older children and boys 
respectively. However, the longevity of research into children’s exercise economy is 
misleading as relatively few studies have been conducted in this time and consequently 
there remains a paucity of information about the influence of training on exercise economy 
in children. What little information there is provides little clarity, and almost exclusively 
considers running economy (e.g. Daniels et al., 1978; Petray & Krahenbuhl, 1985; 
Unnithan et al., 1996; Baquet et al., 2002; Unnithan et al., 2009). 
 
2.1.4 Oxygen uptake kinetics 
 
Pulmonary oxygen uptake (V&O2) kinetics following the onset of constant-work-rate 
exercise provide a useful assessment of the integrated capacity of the organism to transport 
and utilize O2 to support the increased rate of energy turnover in the contracting myocytes 
(Whipp & Ward, 1990). The onset of exercise or an increase in exercise intensity engenders 
an elevated energetic demand.  Transiently, this is met by intramuscular phosphocreatine 
(PCr) degradation and the anaerobic catabolism of glycogen. However, V&O2 
simultaneously rises in an exponential manner (Hill & Lupton, 1923; Henry, 1951; Mahler, 
1980), thereby enabling a progressively greater proportion of the energetic demand to be 
met by oxidative phosphorylation.  
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The pulmonary V&O2 response following the onset of exercise has been extensively 
characterised across many different exercise modalities (Linnarsson, 1974; Whipp et al., 
1982). The three-phase pulmonary V&O2 response, first reported by Whipp and Wasserman 
(1972), consists of an initial rapid increase in V&O2 at the onset of exercise that is typically 
initiated within the first breath (Jones & Poole, 2005a). During this phase, termed the 
cardiodynamic phase or phase I, pulmonary and muscle V&O2 are temporally dissociated due 
to the muscle-lung transit delay. Furthermore, the amplitude of the 2O
⋅
V  at the muscle and 
mouth differ because of the influence on pulmonary V&O2 of oxygen stores within the body 
as well as an increasing cardiac output (Whipp & Ward, 1990; Whipp et al., 2005). The 
dissociation between muscle and pulmonary 2O
⋅
V  is evident in the response profiles as the 
cardiodynamic phase is only present in the pulmonary V&O2 response; muscle V&O2 increases 
in a mono-exponential fashion from the onset. Provided this initial cardiodynamic phase is 
appropriately accounted for, the subsequent muscle and pulmonary V&O2 responses 
demonstrate a close agreement in both the time course (represented by the time constant, τ) 
and amplitude (both primary and slow component) of the V&O2 response (within +/- 10%:  
Barstow et al., 1990; Grassi et al., 1996; Krustrup et al., 2009). 
 
The cardiodynamic phase of the pulmonary 2O
⋅
V  response is succeeded by an exponential 
increase in V&O2, known as phase II, which drives the V&O2 towards the actual or originally 
projected steady state. The rate at which this exponential increase in V&O2 occurs is 
described by the time constant (τ), which reflects the time taken to achieve 63% of the 
phase II response. During exercise below the GET (moderate intensity exercise), this phase 
II exponential increase in 2O
⋅
V  is followed by the attainment of a steady state (phase III) 
where the oxygen demands and utilisation are matched. Figure 2.2 illustrates the markedly 
different response profiles of muscle and pulmonary 2O
⋅
V to moderate intensity exercise.  
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Figure 2.2 Schematic illustration of the rise in 
muscle and pulmonary oxygen uptake at the 
onset of moderate intensity exercise. Note the 
mono-exponential rise of muscle V&O2 in 
comparison to the three phase response of 
pulmonary V&O2. The vertical dashed line at t = 
0 represents the onset of increased work rate. 
Subsequent dashed vertical lines denote the 
transition between phases of the response. See 
text for details of the three phases. 
 
 
 
 
 
 
The response pattern illustrated in the lower panel in figure 2.2 is accurate for the 
description of the pulmonary V&O2 response to moderate intensity exercise only. Moderate 
intensity exercise refers to exercise intensities below the GET or LT (see 2.1.2 “Lactate and 
gas exchange thresholds” for details). In this domain a steady state is achieved in 
approximately 2-3 minutes and the oxygen cost (“gain”) of exercise is typically 9-11 
ml·O2·min-1·W-1 (Jones & Poole, 2005a).  
 
Exercise intensities above the GET but below critical power or the maximum lactate steady 
state (MLSS) are described as within the heavy intensity domain. This domain is 
characterised by an elevated but stable blood lactate concentration with the highest blood 
lactate concentration at which the rate of appearance and removal of lactate are still 
equilibrium termed the MLSS. Alternatively, the upper boundary of the heavy intensity 
domain is suggested to be demarcated by critical power (CP) which is the asymptote of the 
power-duration curve and theoretically describes the highest intensity of exercise that can 
be sustained “indefinitely”. The actual duration of exercise that can be sustained at critical 
power is controversial, with suggestions it may only be tolerable for 15-40 minutes (Housh 
et al., 1989; Jenkins & Quigley, 1990). CP and the MLSS are broadly equivalent measures 
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(Poole et al., 1988; Poole et al., 1990; Vandewalle et al., 1997), occurring at work rates of 
~50%∆ in adults (50% of the difference between the GET and peak V&O2, known as the 
“delta concept”), although some reports suggest CP may occur at a slightly but significantly 
higher work rate than the MLSS (Pringle & Jones, 2002; Dekerle et al., 2003). In children, 
the critical power and MLSS are reported to occur at 65-80% peak V&O2 (Fawkner & 
Armstrong, 2002; Fawkner & Armstrong, 2003b), however there is a considerable range 
especially within MLSS values, a range suggested to be methodological rather than 
metabolic in nature (Beneke et al., 1996). 
 
Heavy intensity exercise is further characterised by the presence of a slow component 
which becomes apparent after 90-150 seconds (Barstow & Mole, 1991; Paterson & Whipp, 
1991). The slow component delays the attainment of a steady state until 10-15 minutes or 
more from exercise onset, depending on the exercise intensity and aerobic fitness of the 
participant. Although it remains debated whether the slow component begins at the onset of 
exercise (Linnarsson, 1974; MacDonald et al., 1997) or develops after approximately two 
minutes (Barstow & Mole, 1991; Paterson & Whipp, 1991; Bearden & Moffatt, 2000), it is 
clear that the influence of the slow component is to elevate the V&O2 above rather than 
towards the steady state projected from extrapolation of the response to moderate intensity 
exercise. Whether a slow component is present in children’s responses to heavy intensity 
exercise has been a matter of debate, with early work suggesting no slow component was 
present (Armon et al., 1991; Williams et al., 2001). In contrast, more recent work has 
generally shown a slow component to be evident, albeit of a reduced amplitude compared 
to adults (Obert et al., 2000; Fawkner & Armstrong, 2003a, 2004b). 
 
Exercise above the CP/MLSS boundary lies within the severe intensity domain where V&O2 
rises until it reaches peak V&O2 and blood lactate concentration rises inexorably. The 
presence of a slow component during severe intensity exercise depends on the relative 
exercise intensity within this domain; at the very highest work rates a slow component may 
not occur because V&O2 rises in a near exponential nature to be truncated by the attainment 
of peak V&O2. The primary component gain associated with this domain falls below the 
typical 9-11 ml·O2·min-1·W-1 for moderate and heavy intensity exercise (Jones et al., 2002; 
Pringle et al., 2003; Scheuermann & Barstow, 2003).  
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The highest exercise intensity domain, the extreme exercise domain, refers to exercise 
intensities at which fatigue occurs before peak V&O2 can be attained (Hill et al., 2002). Due 
to the short duration of exercise within this domain (typically less than four times the time 
constant describing the exponential rise during the primary phase) no slow component is 
present and blood lactate concentration is generally lower than observed during severe 
intensity exercise. 
 
The exercise intensity domains and their characteristic response patterns are illustrated in 
figure 2.3. 
 
Figure 2.3 Schematic illustration of the 
characteristic pulmonary V&O2 responses to a 
square wave transition within each exercise 
intensity domain. The solid vertical line 
represents the onset of the increased work-
rate and the dotted horizontal lines represent 
the physiological demarcating boundaries as 
described in the text. Phase I has been 
omitted from the illustration. The slow 
component and its characteristics are 
represented by the dashed lines. Adapted 
from Armstrong and Barker (2009). 
 
The gain or oxygen cost of the primary component has widely been considered to remain 
relatively constant at ~10 ml·O2·min-1·W-1 irrespective of the exercise intensity, with the 
slow component representing an elevated oxygen cost of exercise that is superimposed on 
the primary component. However, more recent works have shown the primary component 
gain to vary with exercise intensity; specifically, the primary component gain is reported to 
decrease with increasing exercise intensities. This decreased oxygen cost per unit work rate 
at higher exercise intensities means the oxygen cost of exercise does not increase linearly 
with exercise intensity. 
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A common feature regardless of the exercise domain is the lag between the instantaneous 
increase in energy demand and the increase in V&O2 during which the initial adenosine 
triphosphate (ATP) demand must be met by the non-oxidative pathways of intramuscular 
phosphocreatine (PCr) degradation and anaerobic glycolysis.  The oxygen equivalent of the 
energy derived from such sources during this lag, illustrated in figure. 2.4, is termed the 
oxygen deficit. 
 
Figure 2.4 Schematic illustration of the oxygen 
deficit and the influence of altering the speed of the 
V&O2 kinetic response. τ is the time constant of the 
primary phase and the coloured area represents the 
oxygen deficit. Note how the shaded area increases 
as the V&O2 response slows (increasing τ). 
 
2.1.4.1 Influence of training in adults 
 
In adults, endurance training has been shown to be a potent stimulus to the V&O2 kinetic 
response, resulting in reductions in both the phase II time constant (τ) and the amplitude of 
the subsequent V&O2 slow component (e.g. Powers et al., 1985; Phillips et al., 1995; Carter 
et al., 2000; Jones & Koppo, 2005; Bailey et al., 2009), adaptations which are favourable to 
exercise tolerance. The decreased depletion of high energy phosphates at the onset of 
exercise in trained  participants is in agreement with a smaller oxygen deficit (Karlsson et 
al., 1972). Such adaptations are important as they indicate a deceased intracellular 
perturbation and are suggested to be conducive to an increased time until exhaustion (Poole 
& Richardson, 1997; Demarle et al., 2001). No influence of training has been reported on 
the primary component gain in adults (Overend et al., 1992; Carter et al., 2000; Berger et 
al., 2006; Bailey et al., 2009).  
 
2.1.4.2 Influence of training in children 
 
The V&O2 kinetics of children have not been as comprehensively studied and the influence 
of endurance training on V&O2 kinetics in this population remains unclear (Fawkner & 
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Armstrong, 2003a). The available data suggest that training neither reduces τ (Obert et al., 
2000; Cleuziou et al., 2002) nor reduces the amplitude of the V&O2 slow component (Obert 
et al., 2000) in pre-pubertal children. No conclusions can currently be drawn regarding the 
influence of training on the oxygen deficit or on primary component gain as these 
parameters have not previously been reported in trained pre-pubertal children. Information 
detailing the influence of training status on the V&O2 kinetics in pubertal populations is even 
sparser than in pre-pubertal populations, with only one study previously conducted. This 
study found the phase II τ to be faster but the primary component gain to be unaltered in 
trained adolescents during moderate intensity exercise (Marwood et al., 2010). 
 
The lack of information regarding V&O2 kinetics in children is likely related to a number of 
methodological issues which hinder their investigation, first and foremost of which is the 
low signal-to-noise ratio which is detrimental to the confidence associated with the model 
derived parameters, especially the time constant (τ) of the primary component (Barstow & 
Scheuermann, 2004). A number of factors contribute to this low signal-to-noise ratio, 
including a small response amplitude and generally erratic breathing pattern due to a 
greater variability in tidal volume and the timing of breaths than observed in adults (Potter 
et al., 1999). This low signal-to-noise ratio necessitates careful consideration of the 
exercise modality investigated, as a modality which stresses a small muscle mass will elicit 
a smaller response amplitude, thereby exacerbating the influence of the poor signal-to-noise 
ratio. Although challenging, these limitations do not preclude the accurate characterisation 
of the V&O2 kinetic response in children as the signal-to-noise ratio can be significantly 
improved by averaging repeat transitions to an identical work-rate (Lamarra et al., 1987). 
 
The insensitivity of V&O2 kinetics to training status in pre-pubertal children suggested by 
previous studies may be related to several methodological aspects of these studies, such as 
the use of only single exercise transition to characterize V&O2 kinetics, the prescription of 
exercise intensity as a fraction of the peak V&O2, the use of mixed sex cohorts, or the 
employment of non-specific ergometry. Accurate standardisation of the exercise intensity 
domain in which participants are exercising requires both the GET and peak V&O2 to be 
considered due to the large inter-individual variation in the fraction of peak V&O2 at which 
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the GET occurs in children (Fawkner & Armstrong, 2007). Analysis of mixed sex cohorts 
may have influenced the results as boys are reported to demonstrate faster V&O2 kinetics and 
smaller slow component amplitudes (Fawkner & Armstrong, 2004c). An alternative or 
additional explanation for the unaltered V&O2 kinetics may be the discrepancy between test 
and training modalities, arising, for example, due to pre-pubertal swimmers being tested on 
a cycle ergometer (Obert et al., 2000; Cleuziou et al., 2002). Considering the 
predominantly upper body nature of swimming (Ogita et al., 1996), lower body exercise 
may not be sufficiently specific for the influence of training to be evident. Aside from 
methodological explanations, the absence of a training status influence in pre-pubertal 
children may be related to the presence of a maturational threshold below which significant 
physiological adaptations to training cannot occur (Katch, 1983). The presence of a 
maturational threshold has been supported by the recent study in adolescents reporting a 
significant influence of training on their V&O2 kinetics (Marwood et al., 2010) and by 
reports of increased concentrations of the testosterone and growth hormone in pubertal 
children following training but not pre-pubertal children (Zakas et al., 1994; Daly et al., 
1998; Tsolakis et al., 2003). 
 
2.1.4.3 Mechanistic basis of training adaptation in oxygen uptake kinetics 
 
The rate limiting determinant of the V&O2 kinetic response continues to be a contentious 
issue, with oxygen delivery and oxygen utilisation both proposed as putative mediators. 
Proponents of an oxygen delivery related limitation suggest there is a specific point or site 
during the transport of oxygen from mouth to mitochondria that acts as a rate-limiter (Poole 
et al., 2008a), whereas supporters of an oxygen utilisation regulator propose the finite 
kinetics are attributable to an intrinsic slowness of intracellular oxidative metabolism to 
adjust to the altered metabolic demand (Payne et al., 1997). 
 
Although there are some exercise modalities which are likely to be predominately oxygen 
delivery limited, such as supine and prone exercise (Hughson et al., 1991; Jones et al., 
2006) and arm exercise above the heart level (Hughson et al., 1996; Koppo & Bouckaert, 
2005), the relative roles are rarely so clearly defined. A prime example of the interaction 
between these potential modulators is evident in disease states such as chronic heart failure 
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(Sietsema et al., 1994), peripheral vascular disease (Paterson et al., 1981) or type II 
diabetes patients (Stratton & Williams, 2007). Initially, oxygen delivery was thought to be 
the limiting factor under these conditions, but evidence now indicates all of these diseases 
are also associated with defects in skeletal muscle oxidative metabolism (Brass, 1996; 
Ventura-Clapier et al., 2002; Scheuermann-Freestone et al., 2003). Therefore, the V&O2 
kinetics in these conditions are likely to be modulated by both oxygen delivery and 
utilisation, an interaction which is probably also influenced by exercise intensity. The 
relationship between an oxygen delivery and oxygen utilisation related “control” of V&O2 
kinetics has recently been described with reference to a “tipping point”, whereby there is a 
crucial point at which further reductions in oxygen delivery result in a deleterious effect on 
the speed of the phase II τ, as illustrated in figure 2.5 (Poole & Jones, 2005). The debate 
concerns where individuals lie with respect to this tipping point and the conditions or 
interventions which can modify this position. 
 
Figure 2.5 Schematic depicting the influence of 
altering muscle O2 delivery on the speed of V&O2 
kinetics. Decreasing O2 delivery (right to left 
along the x-axis) does not influence the speed of 
the kinetic response (shown by τ) until a specific 
“tipping-point”. After this point, further 
decreases in O2 delivery are associated with 
progressively slower kinetics. From Poole et al. 
(2008a). 
 
 
One potential intervention which may alter an individual’s position relative to the tipping 
point (towards the right) is endurance training as this intervention is associated with both an 
enhanced oxygen delivery, due to an increased muscle blood flow (Shoemaker et al., 1996; 
Laughlin & Roseguini, 2008), and an enhanced oxygen extraction, due to an increased 
mitochondrial oxidative capacity (Phillips et al., 1995; Krustrup et al., 2004; Burgomaster 
et al., 2008). The relative importance of these adaptations to the speeding of the V&O2 
kinetics remains to be conclusively determined, as oxygen delivery (Krustrup et al., 2004) 
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and oxygen utilisation (Bailey et al., 2009) have both contradictorily been reported to be 
the most important factors. 
 
Relatively recent technological advances have facilitated the investigation of the 
mechanistic basis of V&O2 kinetics in paediatric populations, the investigation of which was 
previously precluded by the highly invasive nature of the measurement techniques 
involved, such as muscle biopsies and catheterisation. These newer techniques include 
near-infrared spectroscopy (NIRS) and heart rate kinetics for the assessment of oxygen 
extraction and delivery respectively, the latter of which has been reported to reflect cardiac 
output kinetics (Miyamoto et al., 1982; Yoshida & Whipp, 1994) and muscle blood flow 
(MacPhee et al., 2005). NIRS measures the relative change in the concentration of 
oxygenated and deoxygenated haemoglobin and myoglobin within a specific, localised area 
of the microcirculation and myocytes of the muscle (Boushel et al., 2001). The 
deoxygenated haemoglobin/myoglobin signal ([HHb]) indicates the balance between 
oxygen delivery and utilisation, thereby providing an index of fractional oxygen extraction 
(DeLorey et al., 2003; Grassi et al., 2003; Ferreira et al., 2007), and is used preferentially 
to the oxyhaemoglobin signal as it is thought to be largely independent of changes in blood 
volume during exercise (Deblasi et al., 1991; Mancini et al., 1994; Ferrari et al., 1997). The 
contribution of myoglobin to the signal is thought to be minimal (<10%; Seiyama et al., 
1988), but it remains unresolved so although the signal will be referred to as the 
deoxyhemoglobin signal throughout this document, it should be considered to be the 
combined concentration of both deoxygenated haemoglobin and myoglobin. The [HHb] 
response to a square-wave increase in work rate follows a similar response profile to that 
described for V&O2. This profile consists of an initial period in which no change occurs 
(typically lasting 5-10 s in adults) followed by a second period of rapid increase which 
plateaus out to a relatively constant third phase, at least during moderate intensity exercise. 
The rapid increase in [HHb] is characterised by a fast time constant of 6-10 s in normal, 
healthy adults. 
 
Only one study to date has reported the effect of training on the V&O2 and [HHb] kinetics in 
adults, finding the training-induced speeding of the V&O2 kinetics to be associated with an 
enhanced [HHb] response (Bailey et al., 2009). The enhanced [HHb] response, evidenced 
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by a faster time delay and mean response time (time delay + time constant) during 
moderate intensity exercise, a faster τ during severe intensity exercise and a greater 
amplitude during both exercise intensities, was suggested to be indicative of an increased 
oxidative capacity following training. As described above, this study therefore supports 
oxygen utilisation as the predominant regulator of V&O2 kinetics. 
 
In spite of these technological advances, there remains a paucity of data regarding the 
underlying mechanisms responsible for the V&O2 kinetics in pre-pubertal or pubertal 
children, an observation which is perhaps unsurprising given the minimal information 
available regarding V&O2 kinetics in this population. In the sole study available to date, 
Marwood et al. (2010) reported that during moderate intensity exercise male adolescent 
football players had faster heart rate kinetics but unaltered deoxygenated 
haemoglobin/myoglobin ([HHb]) kinetics compared to untrained subjects. The authors 
interpreted these results as evidence that training enhanced both muscle O2 delivery and 
fractional O2 extraction. The mechanistic basis for any differences in V&O2 kinetics during 
heavy intensity exercise in adolescents has yet to be investigated. The only other data 
available suggests that oxidative enzyme activity is increased in children following training 
(Eriksson et al., 1973; Fournier et al., 1982) but no information is currently available 
concerning the presence, or absence, of adaptations in muscle blood flow. Considerable 
research is still required in this area before conclusions can be drawn regarding the 
relationships between oxygen delivery and utilisation, training and the V&O2 kinetic 
response in children. 
 
2.2 Parameters of “anaerobic” fitness 
 
Anaerobic fitness can be described as the ability to support metabolic demands by non-
oxidative mechanisms, an ability assessed through high intensity exercise. The most 
commonly used high intensity exercise test is the Wingate anaerobic test (WAnT) and, 
consequently, it is this test that will be concentrated on here. Caution is necessary when 
making inter-study comparisons, however, due to the somewhat bewildering array of 
terminology used, often indiscriminately, to describe various aspects and parameters of the 
response 
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The WAnT was devised by Cumming in 1973 and popularised by Ayalon et al.(1974), Bar-
Or (1983a) and Inbar et al. (1996) from the Wingate Institute in Israel. The test originally 
involved pedalling on a cycle ergometer against a constant braking force at maximal effort 
for 30-seconds, a test heavily used in the literature. The WAnT protocol is easily adaptable 
to upper body exercise and studies have been published both in adults (Guglielmo & 
Denadai, 2000; Balmer et al., 2004) and children (Blimkie et al., 1988; Nindl et al., 1995) 
assessing maximal intensity arm crank exercise.  Several indices of anaerobic power and 
capacity can be derived from the Wingate test including peak power (PP), mean power 
(MP) and the fatigue index (FI) which describes the power decay over the test duration. 
Peak power is thought to reflect the energy generating capacity of high-energy phosphates 
while mean power is suggested to reflect glycolytic capacity (Inbar & Bar-Or, 1986). 
However, although originally proposed as an anaerobic test, the conventional 30s WAnT is 
not purely anaerobic, demonstrating considerable contributions by oxidative 
phosphorylation to energy provision towards the latter part of the test in both children 
(Chia, 2006) and adults (Granier et al., 1995; Bediz et al., 1998). 
 
2.2.1 Influence of training in adults on anaerobic fitness parameters  
 
Despite the attractiveness of the WAnT due to its short duration and minimal requirements 
for equipment or expertise, relatively little research has been conducted. This paucity of 
research may be at least partly attributable to the limited relevance of the derived 
parameters to people’s general health status (Tolfrey, 2008). 
 
2.2.1.1 Mechanical power indices 
 
Peak power and mean power have both been reported to be higher in trained adults 
(Kounalakis et al., 2008; Kounalakis et al., 2009) and to be increased by a training 
intervention (Babcock et al., 1986; MacDougall et al., 1998; Kin-Isler & Kosar, 2006; 
Norkowski & Hucinski, 2007). Furthermore, this influence of training status has been 
reported for both the upper and lower body (Patton & Duggan, 1987). These studies have 
also indicated that the specificity of the training programme is not a determinant of 
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significant influences being observed as both continuous aerobic (Babcock et al., 1986; 
Kin-Isler & Kosar, 2006) and interval training (Babcock et al., 1986; MacDougall et al., 
1998) have been shown to elicit or be associated with significantly higher PP and MP. The 
influence of training status on the fatigue index has not been extensively researched and 
remains controversial, with both a significantly lower FI in trained adults (Patton & 
Duggan, 1987) and no influence of training status reported (Kounalakis et al., 2008). 
 
2.2.1.2 Oxidative Contribution to total energy expenditure 
 
As previously mentioned, high intensity tests are not strictly anaerobic, demonstrating a 
significant oxidative contribution to the total energy expenditure engendered by the 30 s 
WAnT.  The influence of training on the oxidative contribution to short term, high intensity 
exercise has not been extensively investigated but it appears that the oxidative contribution 
may be increased after training (Granier et al., 1995). This increased oxidative contribution 
is likely to be related to the faster V&O2 kinetics typically reported in trained participants 
(e.g. Powers et al., 1985; Carter et al., 2000; Krustrup et al., 2004). An interesting detail of 
Granier et al.’s study is that higher oxidative contributions were only evident in middle and 
long distance runners, not sprinters, suggesting the type of training may be an important 
determinant. 
 
2.2.1.3 Mechanistic basis 
 
The limited information in adults shows training to cause a variety of adaptations in 
anaerobic function, including increased levels of the anaerobic substrates ATP, PCr, free 
creatine and glycogen as well as an increased quantity and activity of the enzymes 
responsible for the utilisation of these substrates (phoshofructokinase (PFK), phosphorylase 
and lactate dehydrogenase) (Linossier et al., 1997; Rodas et al., 2000; Ross & Leveritt, 
2001). The higher blood lactate concentrations typically found in trained participants after a 
short term, high intensity exercise test (Jacobs et al., 1987) support the presence of such 
adaptations and of an enhanced ability to derive energy from the glycolytic pathways. 
Depending on the specificity of the training programme, these adaptations may occur with 
no adaptation in aerobic substrate or enzyme concentration or activity. Such specificity is 
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exemplified by reports of a higher ATP and creatine concentration in the trained muscles of 
sprint runners and cyclists compared to their distance counterparts (Neumann, 1990). 
Somewhat less clear, however, is the relevance of these metabolic adaptations to 
performance in adults as a number of studies have reported increased substrate and enzyme 
concentrations without a concomitant improvement in performance (Tesch et al., 1985; 
Jacobs et al., 1987; Parra et al., 2000). Confusion arises due to other studies demonstrating 
that sprint performance is highly correlated with both PFK activity and its ratio to citrate 
synthase activity (Dawson et al., 1998) and, conversely, that sprint performance is 
improved without an enhanced energy provision from glycolysis per unit muscle mass 
(Boobis et al., 1983).  Therefore, although adaptations in anaerobic metabolism are 
accepted to occur following training, the functional significance of these adaptations 
remains questionable (Ross & Leveritt, 2001).  
 
2.2.2 Influence of training in children on anaerobic fitness parameters 
 
In comparison to the information available regarding the influence of training on children’s 
aerobic responses to exercise, little attention has been paid to the influence of training on 
their anaerobic responses (Van Praagh & Dore, 2002; Chia & Armstrong, 2007; Matos & 
Winsley, 2007). Consequently, despite a dramatic increase in interest over the last decade, 
the influences of growth, maturation and training on young people’s high intensity exercise 
responses remain poorly understood (Williams, 2008). Given the relevance to and 
resemblance of short-term, high-intensity exercise to children’s habitual activity and play 
patterns, as well as the advantageous duration of such tests for children’s motivation and 
concentration spans (Chia & Armstrong, 2007), the dearth of information available is 
perhaps surprising. However, although the tests themselves may be short and non-invasive, 
many of the methodologies required for investigating the underlying mechanisms are 
highly invasive and consequently the paucity of information is more understandable. A 
further consequence of the ethical prohibition of invasive techniques in paediatric 
populations is that only indirect and therefore inferential techniques can be used, techniques 
which cannot provide significant insights into the mechanistic basis of adaptations.  
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2.2.2.1 Mechanical power indices 
 
Anaerobic capacity, as described by mechanical indices such as PP, MP and the FI, is 
suggested to be increased following training in children (Rotstein et al., 1986; Obert et al., 
2001; Ingle et al., 2006). However, there is a large inter-individual and inter-study variation 
in the percentage improvements seen, ranging from negligible up to ~20% improvements in 
PP (Obert et al., 2001; Counil et al., 2003) or ~10% in MP (Rotstein et al., 1986). It is 
difficult to ascertain whether this variation is physiologically or methodologically based 
due to a number of inconsistencies between studies such as the length of the training 
programme and use of a pooled data set consisting of both boys and girls (Obert et al., 
2001). The specificity of the training programme required to elicit improvements in the 
anaerobic capacity of children is unclear, with both aerobic (Rotstein et al., 1986; Obert et 
al., 2001) and anaerobic (Grodjinovsky et al., 1981; Ingle et al., 2006) based training 
programmes reported to result in an increased PP and MP. Additionally, the specificity of 
the training modality is important, with a study investigating the effect of a 6-week sprint 
cycle or running training programme on WAnT performance (cycle) reporting significant 
improvements for the cyclists alone, despite both training groups undertaking a comparable 
volume of training (Grodjinovsky et al., 1981). Further work is required to determine the 
effectiveness of different training regimes and modalities at increasing indices of anaerobic 
capacity in children, especially whether aerobic training programmes which improve both 
aerobic and anaerobic capacities could be designed. However, an important and 
fundamental question which remains to be resolved is the relevance of enhanced 
mechanical power indices to sports performance as it is suggested such adaptations are not 
meaningful from a performance standpoint (Ingle et al., 2006). 
 
2.2.2.2 Oxidative contribution to total energy expenditure 
 
In concert with findings in adults, a significant oxidative contribution to the total energy 
expenditure engendered by a conventional 30 second WAnT has been reported in children 
(Chia et al., 1997). The influence of training status on the oxidative contribution to the 
WAnT in children has not been investigated. However, given reports that V&O2 kinetics are 
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not influenced by training status, it may be hypothesised that no influence would be 
evident.  
 
2.2.2.3 Mechanistic basis 
 
The basis of these training-induced adaptations in the anaerobic capacity of children 
remains unclear as few studies have attempted to discern the underlying mechanisms (Obert 
et al., 2001). Amongst the proposed mechanisms is an altered muscle metabolism; 
unfortunately the investigation of the influence of training on muscle metabolism has been 
severely constrained over the years due to the ethical considerations of working with a 
young and vulnerable population. Consequently, the only information determined directly 
from the muscle dates back more than 30 years to the few muscle biopsy studies conducted 
in children. The earliest of these studies reported the most significant training adaptations to 
be evident at rest, with increased concentrations of ATP, PCr, muscle glycogen and 
glucose-6-phosphate, the consequence of which was reported to be an increased muscle and 
blood lactate concentration after maximal exertion exercise in trained participants (Eriksson 
et al., 1973). Furthermore, an increased activity of both succinate dehydrogenase and PFK 
was reported in trained participants. These results led the authors to conclude that training 
increased the glycolytic capacity of young boys, a conclusion supported by subsequent 
studies which similarly demonstrated training-induced increases in the activity of the 
enzymes associated with glycolysis (glycogen synthase, glycogen phosphorylase, pyruvate 
kinase and PFK) (Fournier et al., 1982; Cadefau et al., 1990). However, even though 
considerable metabolic adaptations were observed in these studies, only small 
improvements in sprint running performance were found, adding to the doubt surrounding 
the relevance of anaerobic adaptations to sports performance. Although these muscle 
biopsy studies are fundamental to our current “understanding” of the training effects on 
anaerobic capacity, it is important to note several methodological limitations which temper 
the conclusions that may be drawn. Specifically, these studies all typically had relatively 
small sample sizes and lacked untrained controls, the latter preventing the changes 
observed being attributed to training per se as the effects of growth and maturation cannot 
be accounted for. 
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Further research is clearly required to extend these early findings but despite technological 
advancements such as P-31 magnetic resonance spectroscopy (31P-MRS), which has the 
potential to provide non-invasive in-vivo insights into muscle metabolism, little work has 
been conducted using these techniques. In the only study to investigate the influence of 
training status, no differences were found in the intramuscular pH (pHi) or in the ratio of 
PCr to inorganic phosphate (Pi) between sprint-trained and untrained boys, both of which 
are suggested to be indicators of glycolytic capacity (Kuno et al., 1995). These findings 
therefore contradict the earlier muscle biopsy studies. 
 
Other factors proposed as putative mediators of the training-induced enhancement of the 
high intensity exercise response include the mass, geometry, type and content of the 
exercising muscles. Lower limb muscle mass is a major determinant of the response to high 
intensity exercise in healthy, untrained children (Davies et al., 1972; Mercier et al., 1992; 
Santos et al., 2003). Therefore, given the correlation between muscle mass and power 
production (e.g. Saltin & Gollnick, 1983; Hulthén et al., 2001), an increased muscle mass 
consequent to training could partially explain the increased force production in trained 
children. However, whether muscle mass is increased following training in children 
remains controversial (increases: Sargeant et al., 1985; Webb, 1990; Hansen et al., 1999; 
unchanged: Obert et al., 2001). The role of muscle mass as an explanatory variable is likely 
to be associated with maturity status, with muscle mass more important in pubertal than 
pre-pubertal populations as strength gains in the latter arise largely due to neurological 
adaptations, such as an increased recruitment of neurons during each contraction (Kraemer 
et al., 1989; Ramsay et al., 1990; Ozmun et al., 1994). The other potential mediators have 
received even less attention and consequently the mechanistic basis of training-induced 
enhancements to the high intensity exercise response remains unclear.  
 
2.3 Training criteria 
 
A key consideration for any discussion regarding the adaptation to training, irrespective of 
whether the sample population is paediatric or adult, is the type, intensity, frequency and 
duration of the training undertaken.  
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2.3.1 Aerobic training 
 
Numerous attempts have been made over the years to provide guidelines as to the minimum 
amount of aerobic exercise required to promote and maintain health, with suggestions that 
training adaptations may occur if this minimum amount is exceeded. Perhaps the best 
known of these guidelines are those provided by the American College of Sports Medicine 
(ACSM) which suggest a minimum of 30 minutes, 5 days a week at a moderate intensity 
(defined as expending 3-6 metabolic equivalents, METs) or 20 minutes, 3 days a week at a 
vigorous intensity (defined as expending >6 METs) (Haskell et al., 2007). The large range 
in these recommendations and basis on adult populations makes their applicability to 
children questionable. A meta-analysis of training in children suggests that while the 
frequency and duration suggested in the American College of Sports Medicine (ACSM) 
guidelines may be suitable, a higher intensity is necessary for training adaptations to occur, 
with an intensity in excess of 80% maximal heart rate suggested (Baquet et al., 2003). 
However, whether generalised training guidelines can be formulated remains unclear as 
many training studies which satisfied the proposed criteria have failed to elicit significant 
improvements, while improvements have been evidenced consequent to training 
programmes which do not meet the recommended minimal criteria. The purpose of 
developing generalised training programmes is to improve standardisation between studies 
and thereby enable more comprehensive inter-study comparisons.  It is important to note 
that within performance environments, however, the aim is to move away from generalised 
training programmes to training programmes specific to individual athletes. 
 
2.3.2 Anaerobic training 
 
Even less attention has been directed to developing guidelines for anaerobic training, 
probably due to the scepticism regarding its relevance to daily life. The only available 
guidelines suggest repeating 20-30 second bouts of exercise at 90% of maximal effort for 
30-60 minutes, at least 3 times per week (Armstrong & Welsman, 1993). However, besides 
lacking clarity regarding what measure of maximal effort they propose, these guidelines 
also suggest an unfeasible amount of anerobic work be completed, especially for children. 
Further work is required to revise these guidelines in light of more recent research. It 
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should be borne in mind that predominantly aerobic training programmes have also been 
shown to result in glycolytic adaptations (Rotstein et al., 1986; Obert et al., 2001). The 
most effective method of training therefore remains to be elucidated but seems likely to be 
a mixed training programme with a focus on aerobic training.  
 
2.3.3 Training modality specificity 
 
Training programme specificity is also an important consideration, with a large body of 
research in adults addressing the transferability of training-induced physiological 
adaptations to different modalities and forms of exercise. The significance of training 
specificity was demonstrated in an early study by Magel et al. (1975) in which participants 
completed a 10-week swimming training programme, before and after which they were 
assessed using a treadmill and tethered swimming test to exhaustion. Significant 
improvements in the peak V&O2, peak V&E and test duration were reported for the tethered 
swimming test, none of which were evident during the treadmill test. This therefore 
highlights not only the specificity of training adaptations but also the importance of the 
specificity of the laboratory assessment to the actual training undertaken if a true reflection 
of training status is to be gained. More recent studies in adults have reported similar results, 
although the majority report training-induced adaptations to be evident even when a non-
specific test modality is used, albeit of a reduced magnitude (e.g. Tordi et al., 2001; 
Pogliaghi et al., 2006). The transferable training-induced improvements are suggested to 
reflect central adaptations (i.e. cardiopulmonary adaptations), whereas the non-transferable 
improvements are thought to be local to the muscles trained and therefore to reflect 
peripheral adaptations (Rosler et al., 1985; Loftin et al., 1988; Bhambhani et al., 1991; 
Tordi et al., 2001; Pogliaghi et al., 2006).  
 
The importance of exercise mode specificity has not been extensively investigated in 
children. Studies involving disparate testing and training modalities, apparently 
unintentionally, report a similar (Mandigout et al., 2001) or reduced (McManus et al., 
1997) magnitude of training status influences compared to those reported when similar 
training and testing modalities are studied. In one of the few studies to investigate the 
influence of exercise mode on children’s exercise responses the effect of two training 
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programmes involving different types of exercise (cycling and aerobics) was investigated 
(Welsman et al., 1997). Neither training programme elicited significant improvements 
during a treadmill test. Since no group was included in this study who completed a 
comparable running based training programme it is impossible to discern whether the 
absence of training-induced improvements is a consequence of no training effect or due to 
the specificity of training adaptations meaning they were not evidenced during treadmill 
exercise. 
 
A later study similarly investigated the influence of two different training programmes, a 
sprint running programme and a continuous cycling programme, on the response to 
treadmill exercise in pre-pubertal boys (Williams et al., 2000).  In agreement with the 
earlier study by Welsman et al., neither training programme resulted in significant training-
induced adaptations. Interpretation of these results is difficult due to the different types of 
training used for each exercise mode which indicate both the modality and type of training 
need be specific for training adaptations to be evidenced. The issue of test specificity is 
especially pertinent to paediatric studies due to the small magnitude of training-induced 
adaptations typically found; the use of non-specific tests could lead to an erroneous 
conclusion that children lack trainability when in fact they are trainable but appropriate 
tests are required for the adaptations to be shown.  Further work is needed to investigate the 
transferability of training-induced adaptations in children.  Furthermore, the extension of 
these studies to investigate the influence of different exercise modalities would be 
invaluable as the majority of training studies in children have focused on the influence of 
running or cycling training. This bias needs to be addressed before a comprehensive 
understanding of the influence of training on children throughout the processes of growth 
and maturation will be possible. 
 
In light of the literature available, the aim of this thesis was to investigate the influence of 
swimming-training status on the physiological responses to exercise in young girls, with the 
intention of furthering our knowledge and understanding regarding the trainability of girls 
and whether this trainability is modulated by maturity status. 
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2.4 Thesis objectives 
 
The studies reported in this thesis were therefore designed to: 
1) Determine the influence of training status on cardiovascular and metabolic response 
patterns in young girls 
2) Determine the influence of training status on V&O2, HR and [HHb] kinetics during 
heavy intensity exercise in young girls 
3) Determine the influence of training status on the mechanical indices derived from 
and oxidative contribution to a 30s WAnT in young girls 
4) Elucidate the importance of exercise modality in the demonstration of training 
status effects in young girls 
5) Investigate the presence of a maturational threshold in young girls 
6) Assess the influence of maturity in determining the magnitude of training status 
effects in young girls 
 
These objectives were addressed in a series of 5 studies. The first study was a preliminary 
study, the findings of which were the basis for the subsequent studies. Studies 2 and 3 were 
designed to investigate further the suggestion of an influence of training status on the 
dynamic V&O2 response (objectives 2, 4, 5, 6) whilst study 4 investigated the training status 
effects indicated in the cardiovascular responses (objectives 1, 4,5,6). Study 5, which meets 
objectives 3 to 6 above, was designed to complete the insight into the influence of training 
status on the physiological responses to exercise of young girls by examining the non-
oxidative responses to high-intensity exercise. 
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3. General Methods 
 
The 5 experimental investigations that comprise this thesis required the completion of 617 
exercise tests. These tests were conducted at either the exercise physiology laboratory at the 
University of Exeter School of Sport and Health Sciences or the temporary laboratories 
established at Kelly College or Ivybridge Community College. In all cases, experimental 
procedures were approved by the University Ethics Committee prior to the initiation of testing. 
 
3.1 Participants 
 
All participants taking part in the investigations in this thesis volunteered to participate. 
Participants were instructed to report to the laboratory in a rested state and having abstained 
from food, alcohol and caffeine for at least the preceding three hours. Testing was conducted at 
the same time of day (±2 hours) for each participant and participants were familiarised with the 
mode(s) of exercise and experimental procedures prior to the initiation of testing. All 
participants and their parents were provided with an information sheet that explained the 
purpose, procedures and potential risks and benefits of the investigation. Participants were 
assured that their anonymity would be protected, their data stored in a secure place and that 
they were free to withdraw at any point without any disadvantage to themselves. Any additional 
questions the participants or their parents/guardians had were answered verbally or by email. 
Provided the participants and their parents/guardians were satisfied they both subsequently 
gave written informed consent and assent, respectively. 
 
The number of participants required to ensure sufficient power for statisitical comparisons 
was estimated according to the method of Vincent (Vincent, 1999). An example of the 
derivation of the estimated sample size, for the studies detailed in chapters 4 and 7 on the 
basis of finding a significant influence of training status on peak SV, is shown below. The 
data used were obtained from a study conducted by Nottin et al. (Nottin et al., 2002a) 
investigating child cyclists. The mean values for stroke volume index were 63 ml·m-2 for 
the cyclists and 56 ml·m-2 for the untrained children. The standard deviation reported was 5 
ml·m-2 for both groups. The power and confidence level were set at 0.8 and 0.05, 
respectively. 
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N = 2(SD2)(Zα+Zβ)2 
  
    ∆
2 
 
= 2(5)2 *(1.96+0.84) 
  (7)2 
 = 8 participants 
 
Where N is the number of participants, SD is the standard deviation, Zα is the confidence 
level, Zβ is the area under the normal curve, and ∆ is the difference between the two means 
being compared. 
 
3.2 Sexual maturity and age at peak height velocity 
 
In all 5 studies, the pubertal stage of the participants was self-assessed using the indices of 
pubic hair described by Tanner (1962), which depict the 5 major stages of physical 
development from pre-puberty to post-puberty (see Appendix 5). Self-assessment has 
previously been shown to be valid and reliable (Morris & Udry, 1980; Taylor et al., 2001; 
Schmitz et al., 2004; Norris & Richter, 2005; Chan et al., 2008), with the major advantage 
of this method over physician assessment being that a trained nurse is not required. For 
girls below the age of 17, the age at peak height velocity was also calculated according to 
the equations developed by Mirwald et al. (2002; Eq. 3.1) to provide an additional indicator 
of maturation status. These authors reported 95% confidence intervals of ± 1 year and 
correlation coefficients of 0.83 between maturity predicted by years to PHV and skeletal 
age in children of 11 years old. Therefore, years to/past PHV is provided as an additional, 
verification indicator only. 
 
Years to PHV = -16.364 + (0.0002309·LLSH) + ( 0.006277 · ASH) + (0.179·L:H) + 
(0.0009428·AW)         (Eq. 3.1) 
 
Where LLSH is the interaction factor between leg length and sitting height, ASH is the 
interaction between age and sitting height, L:W is the ratio of leg length to weight and AW 
is the interaction between age and weight. 
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3.3 Anthropometry 
 
All participants were anthropometrically evaluated before the first test was completed. 
Standing and seated height were measured to 0.1 cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK). The participant was positioned with their back against the 
stadiometer, unshod heels together, looking straight ahead and measurement was taken at 
the point of maximal inhalation. Body mass was determined using Avery beam balance 
scales to 0.05 kg (Avery, Birmingham, UK) with the participant in minimal clothing and 
without shoes. Skinfold thickness was assessed three times at four (studies 1, 2 and 3) or 
five (studies 3 and 4) sites around the body (bicep, triceps, subscapular, supra-iliac crest 
and thigh) by the same researcher for all participants using Harpenden callipers (Baty 
International, Burgess Hill, UK), accurate to the nearest 0.2 mm. Sites were identified 
according to the guidelines of Eston et al. (2009). The mean of the three measurements was 
taken. The mean intraobserver coefficient of variation (CV) for repeat measurements at 
each skinfold site calculated for the studies included in the present thesis (Table 3.1) 
compare favourably to the 4.6% CV previously reported in adults (Gregory et al., 1991). 
 
Table 3.1 Intraobserver CV for repeat measurements of skinfolds at each site 
 Bicep Tricep Subscapular Supra-Illiac Thigh 
CV(%) 3.4 2.0 2.3 2.8 2.9 
 
3.4 Habituation 
 
A separate habituation session was not implemented in the studies described within this 
thesis. However, at the start of each session prior to any testing procedures, each participant 
was familiarised with the ergometers and measurement equipment. This familiarisation was 
done on an informal basis, with the participants allowed as long as required for them to feel 
comfortable with the ergometers and measuring apparatus. A separate session was not used 
due to the high number of repeat visits each participant was generally asked to commit to, 
such that an extra session did not seem a valuable use of the limited time we had with them. 
 
 
 
62 
 
3.5 Incremental ramp tests 
 
3.5.1 Equipment 
 
The incremental ramp tests described in chapters 4, 5, 6 and 7 were conducted using an 
electronically braked cycle or upper body ergometer (Lode Excalibur Sport, Groningen, 
Netherlands and Lode Angio, Groningen, Netherlands respectively). The handle bar height, 
seat height and crank length (cycle ergometer) and electrically controlled seat height and 
distance (upper body ergometer) were adapted to suit each child. In the studies involving 
repeat tests (chapters 5 and 6) the values were recorded so they could be replicated 
throughout the testing series. Studies investigating the reliability of this cycle ergometer 
model, which is considered the gold-standard, have reported coefficients of variation for 
peak power achieved during incremental tests of 6% in adults, with the variation suggested 
to be accountable for by day-to-day physiological variations (Earnest et al., 2005; 
Micklewright et al., 2006). No studies are available in the literature, to the best of my 
knowledge, that have assessed the reliability of this upper body exercise ergometer. 
However, given the considerable similarities between Lode cycle and arm crank ergometers 
we anticipate a similar reliability and validity. 
 
3.5.2 Protocol 
 
The incremental tests were preceded by a 3 minute warm-up of unloaded pedalling during 
which the participants were asked to practice maintaining the pedal cadence within the 
desired range of 65-75 rpm or 45-55 rpm on the cycle and arm crank ergometers 
respectively. Immediately following this the participants performed a test to voluntary 
exhaustion for the determination of peak V&O2. During the test the resistance increased 
continuously at a pre-determined rate designed to attain a test duration of 8-12 minutes and 
strong verbal encouragement was provided by researchers. Peak V&O2 and heart rate were 
determined as the highest 10 second stationary means throughout the test. Peak V&O2 
determined by a similar protocol has previously been reported to be reliable in pre-pubertal 
children, with a diurnal coefficient of variation of 4.1% (Welsman et al., 2005). Adolescent 
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girls have similarly been reported to demonstrate <5% diurnal variation in peak V&O2 
(Pivarnik et al., 1996), in agreement with findings in adults (Katch et al., 1982). 
 
A recent study reported peak V&O2 determined by an equivalent protocol to this to be as 
reliable in children as in adults with a coefficient of variation of less than 5%. 
 
3.6 Square wave transitions 
 
3.6.1 Equipment 
 
In chapters 4 and 5, the same electronically braked ergometers were used as for the ramp 
tests. The handle bar height, seat height and crank length (cycle ergometer) and electrically 
controlled seat height and distance (upper body ergometer) were replicated from each 
participant’s incremental ramp test.  
 
3.6.2 Protocol 
 
All constant-work-rate tests involved 4 minutes of unloaded pedalling or cranking followed 
by an instantaneous transition to a heavy-intensity work rate calculated to require 40% of 
the difference between the GET and peak V&O2 (40%∆) for 8 minutes. At 8 minutes the 
work rate instantaneously returned to an unloaded baseline at which the participants 
pedalled or cranked for a further 6 minutes. Throughout the cycle ergometer and upper 
body tests, cadences of 70 ± 5 rpm and 50 ± 5 rpm were maintained respectively. 
Participants were not given feedback during the test regarding their progress to prevent an 
anticipatory response to the transition in work rate. Transitions continued to be completed 
until the 95% confidence intervals associated with the V&O2 τ were within ± 4 seconds for 
the cycle ergometer and ± 4.5 seconds for the upper body ergometer, thereby satisfying the 
criteria proposed by Fawkner et al. (2007). This required between 2-8 transitions to be 
completed for the cycle ergometer and 3-10 transitions for the upper body ergometer. To 
minimise the number of participant visits required, two constant-work-rate tests were 
completed during each visit. The tests were also completed in the same order of upper then 
lower body with a minimum of one hour separating the tests. This order was designed to 
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minimise the metabolic perturbation caused during the first test and thereby ensure 
complete recovery by the second test.  
 
The test-retest reliability of the V&O2 and HR responses to a step change in heavy intensity 
exercise was assessed for the pre-pubertal and pubertal girls during both lower and upper 
body exercise. The results of this analysis are summarised in Tables 3.2 and 3.3 for lower 
and upper body exercise, respectively, and agree with those previously reported in adults 
(V&O2 τ: CV = 25%; end-exercise V&O2: CV = 3-9%; Change in HR from baseline to end-
exercise: CV = 2-10% (Wilkerson, 2006)). 
 
Table 3.2 Intraclass correlation coefficients and coefficients of variation for pre-pubertal 
and pubertal girls during repeat transitions to heavy intensity, lower body exercise 
 V&O2 τ End-exercise V&O2 ∆HR 
 Pre-pubertal Pubertal Pre-pubertal Pubertal Pre-pubertal Pubertal 
ICC 0.90 0.84 0.87 0.83 0.76 0.84 
CV (%) 21 14 4 4 5 6 
 
Table 3.3 Intraclass correlation coefficients and coefficients of variation for pre-pubertal 
and pubertal girls during repeat transitions to heavy intensity, upper body exercise 
 V&O2 τ End-exercise V&O2 ∆HR 
 Pre-pubertal Pubertal Pre-pubertal Pubertal Pre-pubertal Pubertal 
ICC 0.81 0.70 0.92 0.92 0.95 0.95 
CV (%) 23 20 6 5 6 6 
 
3.7 Wingate Anserobic Tests 
 
3.7.1 Equipment 
 
The Wingate tests in chapter 8 were conducted on basket loaded cycle ergometers (Monark 
model 814 E). For the upper body WAnT a Monark was mounted to a table and the pedals 
modified to form handles (Figure 3.1). The seat height was adjusted to suit each participant, 
ensuring a slight flexion in the knee during cycle WAnT and that the centre of the pedal 
crank was in line with the middle of the participants glenohumeral joint during upper body 
65 
 
WAnT. The Monark cycle ergometer has been suggested to represent the gold standard of 
power output measurement (Attaway et al., 1992) and has been shown to be reliable and to 
provide good consistency (Guiraud et al., 2010), indeed often being used to determine the 
accuracy and reliability of other ergometers (Jones & Passfield, 1998; Martin et al., 1998; 
Micklewright et al., 2006). 
 
Figure 3.1 Adapted Monark for upper body ergometry 
 
 
 
 
 
The Monarks were modified to allow high frequency data collection using a precision D.C. 
motor with a shaft-mounted rubber jockey wheel. The jockey wheel rested on the flywheel 
rim and produced an analogue signal that was proportional to the flywheel’s angular 
velocity. Following analogue-to-digital conversion, the primary data set obtained from the 
jockey wheel at a sample rate of 500 Hz was averaged every 10 ms to produce a 100 Hz 
data set as has been suggested to be optimal (Chia, 1998a).  
 
3.7.2 Protocol 
  
Each test was preceded by a standardised 3 minute warm-up, involving three “all-out” 3 
second sprints at one, two and two and a half minutes against the actual test load. With the 
exception of during the 3 all-out sprints, participants pedalled with no basket load at a 
cadence of 60 rpm. 
 
The WAnT test protocol started with three minutes seated stationary on the ergometer, 
followed by 30 seconds during which the participants were instructed to accelerate the 
unloaded flywheel to 60 rpm. Three seconds prior to the completion of this 30 second 
acceleration phase, the participants were given a countdown of “3-2-1-GO!” on which the 
load basket was dropped and the participants accelerated as fast as possible. Strong verbal 
encouragement was provided through-out the 30 second test. Following completion of the 
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30 second sprint the participant sat stationary on the ergometer for 3 minutes. Prior to the 
test, participants were instructed that signs of pacing would result in the test being repeated. 
 
The WAnT test and the parameters derived from it have been reported to be reproducible in 
children, adolescents and adults (Inbar & Bar-Or, 1977; Coggan & Costill, 1984; Bar-Or, 
1987; Naughton et al., 1992; Carlson & Naughton, 1994; Inbar et al., 1996). For example, 
in a study investigating the reliability of peak power and mean power in children, four 
WAnTs were conducted over four weeks with resulting coefficients of variation of 7.3% 
and 6.8% for PP and MP, respectively (Naughton et al., 1992). These coefficients are in 
accord with those previously reported in adults of 6.7% and 6.5% for PP and MP, 
respectively (Coggan & Costill, 1984). 
 
3.7.3 Optimal applied force 
 
The optimal applied load for a WAnT test is influenced by a number of considerations such 
as the duration of the test and the participants’ characteristics and is further dependent on 
whether the test is to be optimised for peak or mean values. In addition, irrespective of the 
load chosen, this load will not be optimal for all the muscle fibres contributing to the power 
production as each has a different force-velocity relationship, consequently any “optimal” 
load chosen should only be considered the overall optimum for an amalgam of the optima 
of the different muscles involved (Chia, 1998a). However, studies in pre-pubertal children 
have suggested peak and mean power to be relatively robust over a range of ± 10 N.Kg-1 
(Carlson & Naughton, 1994), thereby lessening the importance of this debate to some 
extent. After consideration of all of these factors, an applied load of 75g per kg body mass 
and 45g per kg body mass were chosen for the cycle and upper body WAnT respectively, in 
agreement with the loads applied in previous studies (Inbar et al., 1974; Vandewalle et al., 
1987; Bar-Or, 1993). 
 
3.7.4 Initiation of the Wingate from a rolling start 
 
The Wingate tests were initiated from a rolling start to allow the collection of data during 
the acceleration to peak power, data which may otherwise have been lost due to the power 
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required to overcome the flywheel inertia. The rolling start was particularly important 
during the upper body WAnT in the pre-pubertal girls where a stationary start may have 
prevented accurate data being collected. 
  
3.8 Measurement of gas exchange parameters 
 
In all the experimental chapters in this thesis, gas exchange variables were measured on a 
breath-by-breath basis and displayed online (Metalyser 3B Cortex, Biophysik, Leipzig, 
Germany). Prior to each test the gas analyser was calibrated using gases of known 
concentration and the turbine volume transducer was calibrated using a 3-litre syringe 
(Hans Rudolph, Kansas City, MO). The delay in the capillary gas transit and analyser rise 
time were accounted for relative to the volume signal, thereby time aligning the 
concentration and volume signals. Breath-by-breath V&O2 measurements during exercise 
have been reported to be reproducible, with coefficients of variation ranging from 5.5-12% 
reported in children (Wessel & Paul, 1987; Reybrouck et al., 1992). More specifically, the 
Metalyser 3B has been reported to be reliable, with intraclass correlation coefficients of 
0.97 for incremental exercise tests on a cycle ergometer (Meyer et al., 2001). 
 
3.9  Measurement of cardiovascular parameters 
 
In studies 1 and 4 (chapters 4 and 7), cardiovascular parameters were non-invasively 
estimated by thoracic bioelectrical impedance (PhysioFlow PF-05 Lab1, Manatec 
Biomedical, France). This technique is based on the measurement of the transthoracic 
electrical impedance during cardiac ejection using a high frequency (75 kHz), low 
amperage (1.8 mA) alternating electrical current, which determines cardiac output 
according to the following equation: 
 
   Cardiac output = fc * SVi * BSA    (Eq. 3.2) 
 
where, fc is the heart rate based on the measurement of the R-R interval as determined by 
the ECG first derivative dECG/dt which provides a more stable signal than the ECG signal 
itself, BSA is body surface area calculated from the Haycock formula (Haycock et al., 
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1978, BSA = 0.024265 * body mass0.5378 * stature0.3964) and SVi is the stroke volume 
index (SV/BSA).  
 
The electrodes were positioned according to the suggestions of Welsman et al. (2005) 
involving the relocation of one of the electrodes normally positioned on the neck to the 
centre of the forehead and one of the thorax electrodes placed off centre on the lower ribs, 
avoiding the stomach muscles. This alternative arrangement, shown in figure 3.2, was 
suggested for use with paediatric populations due to their smaller body size which 
complicates the placement according to the original recommendations and is acceptable 
because electrode positioning is not crucial as long as one is on the neck and one at the base 
of the thorax (Welsman et al., 2005). 
 
 
 
Prior to each test, blood pressure was measured three times using a manual 
sphygmomanometer with the participant seated and relaxed. The mean blood pressure was 
subsequently entered into the software along with the participant’s age, mass and stature. 
The autocalibration, which involves the assessment of 30 consecutive heart beats to 
determine the basic curves and data required to identify stroke volume variations during 
exercise, was then completed with the participant seated, quiet and calm, on the ergometer. 
 
Welsman et al. (2005) investigated the reliability of the Physioflow during cycle exercise in 
20 children, reporting coeffecients of variation of 9.3% for both Q&  and SV and intraclass 
correlation coeffiecients of 0.86 and 0.83, respectively. The authors therefore concluded the 
Physioflow offers a reliable technique for the measurement of cardiac parameters in 
Figure 3.2 Positioning of Physioflow electrodes (red 
dots) on the ventral (A) and dorsal (B) skin surface. 
Note the repositioning of one electrode to the forehead 
and one to the lower ribs. 
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children. This conclusion was similarly reached by both Charloux et al. (2000), who 
reported ICC for Q&  of 0.89 and 0.86 at rest and during exercise, respectively, and Richard 
et al. (2001) who found a correlation coeffiecinet for Q&  of 0.95 between two repeat tests. 
Cardiac output has also been shown to be relatively independent of electrode placement, 
with a bias of 0.86% incurred by the repositioning of two electrodes (Tan et al., 2006). 
 
During the constant-work-rate tests, heart rate was measured using radio telemetry and 
displayed online on a breath-by-breath basis (Polar S610, Polar Electro Oy, Kempele, 
Finland). 
 
3.10 Measurement of muscle oxygenation parameters 
 
For studies 2, 3, 4 and 5 (chapters 5, 6, 7 and 8), the oxygenation status of the muscle was 
assessed using a commercially available near-infrared spectroscopy system (studies 2& 3: 
NIRO 300, Hamamatsu Photonics KK, Hiugashi-ku, Japan; studies 4 & 5: Portamon, 
Artinis Medical Systems, The Netherlands). This system consists of an emission probe 
which emits four wavelengths of light (776, 826, 845 and 905 nm) and a photon detector. 
The intensity of incident and transmitted light was recorded continuously at 2Hz and used 
to estimate the concentration changes relative to baseline levels for oxygenated, 
deoxygenated and total haemoglobin. The deoxyhemoglobin signal has been reported to be 
largely independent of changes in blood volume during exercise (Deblasi et al., 1994; 
Mancini et al., 1994; Ferrari et al., 1997) and was subsequently used as an indicator of 
oxygen extraction within the field of interrogation (DeLorey et al., 2003; Grassi et al., 
2003; Ferreira et al., 2007). The contribution of myoblobin to the NIRS signal is currently 
unresolved, although it is believed to be relatively small (<10%, Seiyama et al., 1988), 
therefore it is pertinent to highlight the deoxygenated haemoglobin signal described 
through-out this document should be considered to refer to the combined concentration of 
both deoxygenated haemoglobin and myoglobin. NIRS has been validated as a reliable 
method for the evaluation of muscle oxygenation changes, with intraclass correlation 
coefficients for the oxygenation range of 0.75 reported during static endurance tests (Kell et 
al., 2004) and 0.67 during exhaustive knee extension tests (Pereira et al., 2005). The 
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coefficient of variation for isometric handgrip exercise in adults at various intensities is 
reported to range from 16-23% (van Beekvelt et al., 2002). 
 
On at least one constant-work-rate transition for each exercise modality, the oxygenation 
status of the right vastus lateralis (bike) or right tricep brachii (upper body) was monitored. 
The muscle was initially cleaned and the probes placed in a rubber holder which was 
adhered to the skin at the midpoint of the muscle. To ensure the holder and its probes 
remained stationary during exercise and to minimise the interference of extraneous light, a 
bandage was wrapped around the arm/leg. The position of the holder relative to the fibular 
head or ulna head was recorded to enable accurate replication in subsequent tests. The 
NIRS signal was zeroed with the participant at rest in a seated position with the muscle 
stationary and relaxed. 
 
The NIRO 300 has been reported to demonstrate acceptable reliability and accuracy in the 
non-invasive estimation of oxygenation trends within the muscle (Matcher et al., 1995; 
Suzuki et al., 1999; Komiyama et al., 2001; Demura et al., 2007), provided tissue oxygen 
saturation is not very low (Komiyama et al., 2001) and the probe is carefully positioned in 
the same place each time (Demura et al., 2007). The Portamon device has been extensively 
used in research but considerably less information is available regarding its reliability and 
validity. The limited information available suggests this device produces acceptable 
estimates (Shadgan et al., 2009). 
 
3.11 Measurement of blood lactate concentration 
 
In all the studies comprising this thesis, capillary blood samples were obtained from the 
participant’s fingertip using a lancet to puncture the skin (Sarstedt) and a heparinised 
capillary tube to collect the blood (Sarstedt). The blood samples were subsequently 
analysed to determine the concentration of whole blood lactate (YSI 1500; Yellow Springs 
Instruments, Yellow Springs, OH or Lactate Pro; Hurstville, Australia). The samples were 
collected immediately on volitional termination of the incremental ramp tests and two 
minutes into the recovery phase of the constant-work-rate or WAnT tests. Studies 
investigating the reliability of the YSI lactate analyser found a high degree of reliability, 
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with coefficients of variation of 3% (Noordally & Vincent, 1999), and deviations from a 
reference sample of 5% (Medbo et al., 2000). A high degree of correlation between the YSI 
lactate anaylser and LactatePro have been reported (r = 0.99; Pyne et al., 2000) and the 
LactatePro shown to differ from a reference sample by 12% on average (Medbo et al., 
2000). The LactatePro has been reported to provide reliable measurements over a range of 
temperatures and altitudes and is suggested to be “at least as good” as the considerably 
more expensive YSI 1500 (Medbo et al., 2000). 
 
3.12 Determination of the gas exchange threshold and 40%∆ work rate 
 
The GET was determined by the V-slope method (Beaver et al. 1986) as the point at which 
carbon dioxide production began to increase disproportionately to V&O2, as identified using 
purpose designed software developed using LabVIEW (National Instruments, Newbury, 
UK). This process involved the exclusion of the first 60 seconds of data following the onset 
of the ramp function and all data beyond the respiratory compensation point. A plot of 
V&CO2 as a function of V&O2 was subsequently systematically divided to produce linear 
regression lines. The GET was identified as the intersection between the two regression 
lines that minimised both the ratio of the largest standard error and the separation of the 
intersection point to a single linear regression line drawn through the whole selected period. 
The statistically selected regression lines were graphically displayed and visually verified 
by the researchers. 
 
The GET was subsequently used to calculate the work rate required to elicit a response 
within the heavy intensity domain for the constant-work-rate tests. To calculate this, the 
GET was first corrected to account for the V&O2 mean response time. The mean response 
time was assumed to approximate two-thirds of the ramp rate during incremental exercise 
(Whipp et al., 1981). Therefore, the work rates corresponding to the GET and peak V&O2 
used to calculate the exercise intensity in chapter 5 were 8 W and 3 W lower than the time 
aligned work rates, while those in chapter 6 were 13 W and 7 W lower for lower and upper 
body exercise, respectively.This corrected GET was subsequently added to 40% of the 
difference between the corrected GET and peak V&O2. 
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3.13 Determination of flywheel inertia and power output calculation 
 
To calculate the power output generated during a WAnT, it was necessary to know the 
inertia of the flywheel. This was previously determined by the suspension of the flywheel 
from three wires, the length of which along with the weight of the flywheel and distance 
from the axis of rotation to the point of suspension were measured (figure 3.3) (Chia, 
1998b). The mean period of oscillation was also determined by the angular displacement of 
the flywheel over a range of oscillations (15-200 oscillations), and subsequently the 
flywheel inertia was calculated according to the following equation: 
 
Period of oscillation (t) = ( )2Il/w.r2 ⋅pi    (Eq. 3.3) 
 
where w is the weight of the flywheel, r is the distance from the axis of rotation to the point 
of suspension, I is the inertia of the flywheel and l is the length of the suspending wires. 
According to this method, the flywheel inertia was calculated to be 0.92 kg·m-2. 
 
Figure 3.3 Method used to determine the inertia of the 
flywheel. Flywheel was suspended by 3 supporting 
wires of equal length 
 
 
 
 
 
 
The power output could then be determined and appropriately adjusted to account for the 
influence of the flywheel inertia and the internal force of the cycle ergometer as follows: 
 
Adjusted power output (Padj) = ω · (Ti  + Tr) = ω · [(I · (dω/dt)) + (Lplus9% · r)]  (Eq. 3.4) 
 
where: ω is the angular velocity, Ti is the inertial torque given by the sum of the flywheel 
inertia plus sprocket and crank inertia (I) multiplied by the angular acceleration of the 
Suspending 
wires 
Ergometer 
flywheel 
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flywheel (dω/dt), Tr is the resistive torque calculated as the product of the applied force 
plus the frictional loss in overcoming the internal force of the ergometer (Lplus9%, (Pirnay & 
Crielaard, 1979; Winter, 1991)) and the radius of the flywheel (r). The inertia of the 
sprocket and crank were taken as those reported by Monger et al. (1989) and the internal 
force of the drive train was taken as estimated in the Monark model 814 E manual. The 
adjusted power outputs calculated therefore accounted for both the accelerative and 
decelerative characteristics of the flywheel (Lakomy, 1986) as well as the work done in 
overcoming the internal force of the drive train. 
 
Power outputs were calculated over 1 second time periods as suggested to be appropriate by 
Chia  (1997) based on observations that terminal pedal cadence is ~60 rpm, meaning at 
least one pedal revolution is accounted for in each time interval. One second intervals also 
maximises the sensitivity to alterations in peak power. 
 
3.14 Analysis of V&O2  response 
 
Initially, the breath-by-breath responses to each transition were examined to remove any 
errant breaths caused by coughing, swallowing, sighing etc using a 5 s moving average to 
identify points lying in excess of 4 SD from the local mean.  Subsequently, each transition 
was interpolated to 1 s intervals, time aligned to the start of exercise and ensemble 
averaged. The importance of ensemble averaging repeat transitions to improve the signal to 
noise ratio is clearly evident in Figure 3.4. 
 
To remove the influence of phase I on the analysis of the subsequent response, the first 15 s 
of data were ignored. This time period was excluded on the basis of the findings of 
Hebestreit et al. (1998), Springer et al. (1991) and Fawkner et al. (2002).  Some researchers 
suggest the phase I response should be modelled with a single exponential to determine the 
transition from phase I to phase II.  This methodology was not adopted here because, even 
with breath-to-breath measurement, there are few data points in this phase to which an 
exponential curve could be fitted and consequently the confidence associated with the 
exponential model is low.  Furthermore, the identification of the transition is complicated in 
paediatric populations by the high level of noise and small response amplitudes.  
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Figure 3.4 The V&O2 response 
demonstrates considerable breath-by-
breath variability, as shown in panel A. 
Ensemble averaging of multiple repeat 
transitions improves the signal to noise 
ratio, as shown in panel B following 5 
transitions, thereby increasing the 
confidence associated with model 
derived parameters. The red line shows 
the monoexponential fit. 
 
 
 
 
 
 
 
 
A single exponential model with a time delay (Eq. 3.5, figure 3.4) was then applied to the 
averaged response and kinetic parameters and their 95% confidence intervals determined 
by least squares linear regression analysis (Graphpad Prism, Graphpad Software, San 
Diego, CA). 
( )( )11 /1)(2 1 τδ−−⋅ −⋅=∆ tt eAOV     (Eq. 3.5) 
 
where ∆V&O2 is the increase in V&O2 at time t above the baseline value (calculated as the 
mean V&O2 from the first 45 seconds of the last minute of baseline pedalling), and A1, δ1 and 
τ1 are the primary component amplitude, time delay and time constant, respectively. The 
time constant is the reciprocal of the rate constant (Laughlin & Roseguini, 2008) and 
reflects the time taken to achieve 63% of the total response amplitude. The exponential 
V&O2 response is generally considered to be complete after four time constants have elapsed 
(Ryan et al., 1979). The pulmonary V&O2 response described by equation 3.4 is generally 
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accepted to reflect the muscle V&O2 response to within ±10% (Grassi et al., 1996; Rossiter et 
al., 1999; Rossiter et al., 2002; Krustrup et al., 2009), provided the initial phase I response 
is suitably accounted for. 
 
The fitting window was constrained to exclude all data after the visually determined onset 
of the V&O2 slow component. The onset of the V&O2 slow component was determined using 
purpose designed LabVIEW software which iteratively fits a mono-exponential function to 
the V&O2 data until the window encompasses the entire response. The resulting phase II time 
constants are plotted against time and the onset of the V&O2 slow component identified as 
the point at which the phase II time constant consistently deviates from the previously 
“flat” profile, as shown in figure 3.5 (Rossiter et al., 2001; Fawkner & Armstrong, 2004b).  
 
Figure 3.5 Visual identification of the 
onset of the slow component. The vertical 
green line represents the onset of the slow 
component, evidenced by the deviation 
from the previously “flat” profile to a 
progressively increasing time constant. 
 
 
The V&O2 slow component amplitude was subsequently determined by calculating the 
difference between the end exercise V&O2 and the primary amplitude plus baseline V&O2 and 
expressed both in absolute terms and relative to end exercise V&O2. Although alternative 
methods of analysing the slow component involving the addition of a second exponential 
term (Barstow et al., 1993; Jones & Poole, 2005b) or a linear term (Engelen et al., 1996) to 
the single exponential described in equation 1 have been suggested, the method described 
here avoids the arbitrary parameterization of the slow component by models that may have 
no physiological basis and which often result in unphysiologically plausible values. 
 
3.15 Analysis of the heart rate response 
 
As with the V&O2 responses, the HR responses to each transition were interpolated to 1 
second intervals, time aligned and averaged to produce a single data set. The resulting data 
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set was fit with a single exponential with no time delay (Eq.3.6) with the fitting window 
starting at t = 0 and constrained to the onset of the V&O2 slow component.  
 
( ))/(1)( 11 τtt eAHR −−⋅=∆    (Eq. 3.6) 
 
where ∆HR is the increase in heart rate at time t above the baseline (calculated as the mean 
heart rate from the first 45 seconds of the last minute of baseline pedalling), and A1 and τ1 
are the primary component amplitude and time constant, respectively.  
 
3.16 Analysis of [HHb] response 
 
The [HHb] responses to each transition were time aligned and averaged to produce a single 
data set.  This data set was then fit with a single exponential with a time delay (Eq. 3.5) 
with the fitting window commencing at t=0.  The fitting window was constrained to the 
point at which the [HHb] response deviated from its original steady state to avoid distortion 
of the phase II response.  This point was identified visually from a plot of [HHb] as a 
function of time. 
 
3.17 Analysis of the cardiovascular and metabolic response patterns 
 
In studies 1 and 4 (chapters 4 and 7), the most appropriate model fit to describe the 
cardiovascular variables as a function of percentage peak V&O2 or [HHb] as a function of 
percentage peak work rate were identified using least-squares and maximum likelihood 
estimation for linear and non-linear regression, respectively. For cardiovascular variables, 
the linear relationship (Y = a + bX) was compared to the general quadratic relationship (Y 
= a + bX + c(X)2). For the [HHb] response, the sigmoidal model ((Y=a/(1+exp-(-c+dx)), 
where a represents the baseline corrected amplitude and c is a constant dependent upon d 
(the slope of the sigmoid) whereby c/d reveals the x value that yields 50% of the total 
amplitude), was compared to a hyperbolic model ((Y = ax / (b+x), where a is the 
asymptotic value and b is the x-value corresponding to 50% of the response amplitude). 
The best fitting model was determined on the basis of the R2 values, the residual sum of 
squares and the F-value. 
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3.18 Allometric scaling 
 
In all the studies in this thesis, the influence of body size on parameter values was 
accounted for using analysis of covariance (ANCOVA) on log transformed data to 
determine the allometric relationship between body mass and peak V&O2 or between body 
surface area and peak SV and Q&
 
(Welsman & Armstrong, 2000). Common allometric 
exponents were confirmed for all groups within each study and power function ratios 
(Y/Xb) were computed. Body surface area was calculated according to the equations of 
Haycock et al. (1978) based on the measurement of stature and mass 
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Chapter 4.  
 
Study 1 - Cardiovascular responses to ramp incremental exercise in trained and 
untrained pre-pubertal girls: a preliminary study 
 
This study has been disseminated as follows: 
 
Poster presentation: Winlove, M.A., Jones, A.M., Stoedefalke, K., & Welsman, J.R. (2009) 
Cardiopulmonary responses to ramp exercise in trained and untrained girls. The BASES 
Annual Conference (Leeds, 1st-3rd September, 2009) 
 
4.1 Introduction 
 
The influence of training status on children’s cardiopulmonary responses to exercise has 
been investigated for many years, since the study of Astrand et al. (1963) who reported a 
significantly higher peak oxygen uptake (V&O2) in swimmers than untrained controls. 
Unfortunately, despite this long history of research, childrens training-induced 
cardiopulmonary adaptations remain poorly understood (Obert et al., 2009).  
 
Typically, exercise training is reported to be a significant stimulus to peak V&O2 in children 
(Rowland et al., 2000; Nottin et al., 2002b; Obert et al., 2009), although the stimulus 
appears less potent than in adults, eliciting increases in peak V&O2 of 5-6% in children 
(Baquet et al., 2003) compared to 15-20% in adults (Matos & Winsley, 2007). This 
influence of training status on peak V&O2 in children is suggested to be largely attributable 
to an increased cardiac output ( Q& ) (Rowland et al., 2000; Nottin et al., 2002b), consequent 
solely to an increased stroke volume (SV) as peak heart rates are unaltered (Nottin et al., 
2002b; Obert et al., 2003). This elevated stroke volume is generally attributed to influences 
of training status on myocardial morphology (Nottin et al., 2004; Rowland et al., 2009a) as 
it is widely accepted, with little empirical support (Pianosi, 2004), that stroke volume 
reaches a plateau at approximately 50-60% peak V&O2 (Nottin et al., 2002b; Obert et al., 
2003). However, the increased peak SV may alternatively be related to influences of 
training status on myocardial functionality as indicated by the alternative SV response 
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pattern of a progressive increase until exhaustion which has been reported in both trained 
(Rowland et al., 1998) and untrained children (Pianosi, 2004). The stroke volume response 
pattern therefore remains to be clarified in both trained and untrained children. 
 
The training-enhanced peak V&O2 in children may alternatively or additionally be related to 
alterations in the arterial-venous oxygen difference ( 2Ov-a difference), as indicated by the 
Fick equation (V&O2 = cardiac output * 2Ov-a difference).  The 2Ov-a difference reflects 
the balance between oxygen delivery and utilisation and is therefore a measure of oxygen 
extraction. Reports indicate that the 2Ov-a difference is not altered by training at rest or at 
peak exercise (Rowland et al., 2000; Nottin et al., 2002b; Obert et al., 2003) but only one 
study has reported the response pattern of the a-vO2 difference to ramp incremental 
exercise in children, suggesting it rises progressively until exhaustion (Nottin et al., 2002b). 
The pattern described by Nottin et al. (2002) was based on just four data points during an 
entire ramp incremental test however, and therefore the 2Ov-a difference response pattern 
also remains to be elucidated in detail in both the trained and untrained state. 
 
The purpose of this cross-sectional study was to examine the influence of training status on 
the cardiopulmonary response patterns to ramp incremental exercise in pre-pubertal girls. 
We hypothesised that the stroke volume response pattern would demonstrate a linear 
increase in the trained girls in contrast to a plateau in the untrained girls. We also 
hypothesised that the 2Ov-a difference response pattern would not be influenced by 
training status, increasingly linearly in both groups. 
 
4.2 Methods 
 
4.2.1 Participants and anthropometry 
 
Ten swimming trained girls (mean age of 10.2 ± 1.0 years) and 9 healthy girls that were not 
involved in any regular exercise training (mean age of 10.2 ± 0.7 years) participated in this 
study. The trained girls, all county and regional level competitive swimmers with a mean 
training of 5 (± 1.6) hours/week for 2.6 (± 1.5) years, were recruited from a local swimming 
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club. The untrained girls were volunteers from local schools. Sexual maturity was assessed 
by self reporting using the indices of pubic hair described by Tanner (1962). Age to peak 
height velocity was estimated to provide an additional indicator of physical maturity 
according to the equations of Mirwald et al. (2002) which are based on the measurement of 
standing and seated height, weight, and date of birth as described below. 
 
An anthropometrical evaluation was performed before the first test for all participants. 
Standing and seated height were measured to 0.1cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK) and body mass determined using Avery beam balance scales to 
0.05kg (Avery, Birmingham, UK). Skinfold thickness was assessed three times at four sites 
around the body (bicep, triceps, subscapular and supra-iliac crest) by the same researcher 
for all participants using Harpenden callipers (Baty International, Burgess Hill, UK), 
accurate to the nearest 0.2mm. The average of the three measurements was taken. Table 4.1 
presents the participants’ physical characteristics. 
 
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at 
least 3 hours postprandial and to refrain from caffeinated drinks in the 6 hours prior to the 
test. The methods employed during this study were approved by the institutional ethics 
research committee and all participants and their parents/guardians gave written informed 
consent and assent respectively. 
 
Table 4.1 Anthropometric characteristics of participants  
 
Trained  
(N = 10) 
Untrained  
(N = 9) 
Age (y) 10.2 ± 1.0 10.2 ± 0.7 
Stature (m) 1.4 ± 0.1 1.4 ± 0.1 
Weight (kg) 35.1 ± 5.7 34.9 ± 6.3 
BMI (kg·m-2) 17.8 ± 1.4 17.3 ± 2.8 
Sum of Skinfolds (mm) 22.2 ± 7.3 15.0 ± 13.8 
PHV (yrs) 
-1.6 ± 0.8 -1.6 ± 0.5 
Values are mean ± S.D. PHV, years to peak height velocity. No significant differences were present 
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4.2.2 Exercise Protocol 
 
Each participant completed an incremental ramp test to volitional exhaustion on an 
electronically braked cycle ergometer (Lode Excalibur, Netherlands). The handle bar 
height, seat height and crank length were adapted to suit each child. After a three minute 
warm-up consisting of unloaded pedalling, the resistance increased by 10-14 W·min-1 to 
attain a test of ~8-12 minutes in duration. Participants were instructed to maintain a 
cadence of 70 ± 5 rpm. Maximal tests were considered to have been achieved if in addition 
to subjective indications such as sweating, hyperpnoea and facial flushing, the respiratory 
exchange ratio was > 1.0 and there was a consistent reduction in cadence despite strong 
verbal encouragement  
 
4.2.3 Exercise Test Measurements 
 
Gas exchange variables (Metalyser 3B Cortex, Biophysik, Leipzig, Germany) were 
measured on a breath-by-breath basis and displayed online. Prior to each test the gas 
analyser was calibrated using gases of known concentration and the turbine volume 
transducer was calibrated using a 3-litre syringe (Hans Rudolph, Kansas City, MO). The 
delay in the capillary gas transit and analyser rise time were accounted for relative to the 
volume signal, thereby time aligning the concentration and volume signals.  
 
Cardiac output, stroke volume and heart rate were determined non-invasively through-out 
the exercise test using a thoracic bioelectrical impedance device (PhysioFlow, PF-05 Lab1, 
Manatec Biomedical, France), previously validated in both adult (Charloux et al., 2000; 
Richard et al., 2001) and paediatric populations (Welsman et al., 2005). The electrodes 
were positioned on the forehead, neck, xiphoid process and on the left hand side lower ribs, 
avoiding the abdominal muscles, as suggested to be appropriate for paediatric populations 
(Welsman et al., 2005). Prior to testing, blood pressure was measured in triplicate using a 
manual sphygmomanometer with the participant seated at rest by the same researcher 
throughout the study. This mean blood pressure was entered into the Physioflow following 
auto-calibration which was conducted with the child seated, immobile and relaxed, on the 
cycle ergometer. 
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4.2.4 Data Analysis  
 
The V&O2 data were interpolated to 1-s intervals and peak V&O2 was taken as the highest 10-s 
stationary average during the test. The gas exchange threshold was determined by the V-
slope method (Beaver et al., 1986) as the point at which carbon dioxide production began 
to increase disproportionately to V&O2 as identified using purpose designed software 
developed using LabVIEW (National Instruments, Newbury, UK). Peak stroke volume and 
cardiac output were taken as the highest 15-s average during the test. The 2Ov-a difference 
was estimated by rearrangement of the Fick equation: 
 
2Ov-a difference = V&O2/ Q&
    
(Eq. 4.1)
 
 
Baseline values for all the cardiopulmonary parameters were taken as the 30 second 
average from 90 to 120 seconds during unloaded pedalling. 
 
4.2.5 Statistics 
 
The allometric relationships between body mass and peak V&O2 and between body surface 
area and peak SV and Q&  were determined using analysis of covariance (ANCOVA) on log 
transformed data (Welsman & Armstrong, 2000). From the values of the regression slopes 
(allometric exponents) confirmed as common to all groups, power function ratios (Y/Xb) 
were computed. Body surface area was calculated according to the equations of Haycock et 
al. (1978). Following identification of a normal distribution, homogenous variation and an 
absence of skewness or kurtosis, a one way ANOVA was used to analyse the influence of 
training status. To test for linear or non-linear behaviour of the cardiovascular and 
2Ov-a difference variables as a function of percentage peak V&O2, the linear relation (Y = a 
+ bX) was compared to the general quadratic relation (Y = a + bX + c(X)2) using least-
squares estimation in linear regression for individual participants. Non-linear models were 
fit to the data using maximum likelihood estimation in nonlinear regression (Graphpad 
Prism, Graphpad Software, San Diego, CA). 
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4.3 Results 
 
All the girls were found to be pre-pubertal according to Tanner stages and years to peak 
height velocity. 
 
Baseline and peak respiratory and cardiovascular variables, which were not influenced by 
training status, are presented in Table 4.2 and 4.3, respectively. All participants were 
accepted to have given a peak effort. Log-linear ANCOVA identified a common exponent 
for all participants of b = 0.56 (SE, 0.19) for peak V&O2 , b = 0.51 (SE, 0.17) for peak Q&   
and b = 0.46 (SE, 0.14) for SV. No influence of training status was evident in the fraction 
of peak V&O2 at which the GET occurred, either in absolute (trained: 0.9 ± 0.2 L·min-1; 
untrained: 0.8 ± 0.1 L·min-1, P > 0.05) or relative terms (trained: 58 ± 7%; untrained: 57 ± 
5%, P > 0.05).  
 
Table 4.2 Physiological responses to unloaded pedalling in trained and untrained girls  
 Trained girls (n = 10) Untrained girls (n = 9) 
Baseline V& O2  (L·min-1) 0.56 ± 0.08 0.55 ± 0.09 
Baseline V& O2 (mL·min-1·kg-1) 15.03 ± 2.21 15.10 ± 3.52 
Baseline V& O2 (mL·min-1·kg0.56) 71.13 ± 7.39 71.15 ± 14.72 
Baseline Q&  (L·min-1) 6.2 ± 1.3 6.01 ± 0.8 
Baseline Q&  (L·min-1·m-2) 5.3 ± 0.9 5.2 ± 0.8 
Baseline Q&  (L·min-1·m-0.51) 5.7 ± 1 5.6 ± 0.7 
Baseline SV (mL) 56.9 ± 9.7 54.7 ± 6.0 
Baseline SV (mL·m-2) 48.9 ± 5.7 47.2 ± 5.1 
Baseline SV (mL·m-0.46) 53.0 ± 7.3 51.0 ± 4.9 
Baseline HR (b·min-1) 111 ± 10 103 ± 15 
Baseline 2Ov-a difference (mL·dL
-1) 9.1 ± 2.2 9.1 ± 1.6 
Values are mean ± S.D. V&O2, oxygen uptake; Q& , cardiac output; SV, stroke volume; HR, heart rate, 2Ov-a difference,  arterial-
venous oxygen difference. No significant differences were present 
 
 
Group averages of the cardiac output, stroke volume and 2Ov-a difference responses to 
ramp exercise are shown in Figure 4.1 as a function of percentage peak V&O2. The 
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cardiovascular variables are presented as absolute values for simplicity as the response 
patterns were not altered by using scaled variables. Cardiac output rose progressively in 
both trained and untrained participants and was best fit by a linear model (R2: T, 0.95, UT, 
0.94). Similarly, SV increased from baseline to peak V&O2 with a statistically superior fit 
with the linear model (R2: T, 0.78, UT, 0.77). The 2Ov-a difference response differed with 
training; the trained girls demonstrated a non-linear relation with negative curvature (R2: 
0.88) whereas untrained girls demonstrated a linear relationship with percentage peak V&O2 
(R2: 0.70). 
 
 
Figure 4.1 Mean cardiovascular and 
2Ov-a difference responses to ramp 
incremental exercise. Graph A shows 
the cardiac output ( Q& ), graph B the 
stroke volume (SV) and graph C the 
arterial-venous oxygen difference 
( 2Ov-a difference) as a function of 
percentage peak oxygen uptake (V&O2) in 
trained and untrained girls. The 
cardiovascular variables are presented as 
absolute values (± SEM) as the response 
patterns were not altered by using scaled 
variables. 
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Table 4.3 Peak physiological responses to ramp incremental exercise in trained and 
untrained pre-pubertal girls 
 Trained girls (n = 10) Untrained girls (n = 9) 
Peak V& O2 (L·min-1) 1.54± 0.30 1.4 2± 0.16 
Peak V& O2 (mL·min-1·kg-1) 44.41 ± 7.88 40.90 ± 4.77 
Peak V& O2 (mL·min-1·kg0.56) 210.87 ± 34.82 193.40 ± 16.19 
Peak Q&  (L·min-1) 13.1 ± 2.4 13.3 ± 1.5 
Peak Q&  (L·min-1·m-2) 11.3 ± 1.3 11.5 ± 1.4 
Peak Q&  (L·min-1·m-0.51) 12.1 ± 1.7 12.3 ± 1.3 
Peak SV(mL) 69.1 ± 10.3 66.8 ± 7.1 
Peak SV (mL·m-2) 59.4 ± 6.0 57.6 ± 5.5 
Peak SV (mL·m-0.46) 64.4 ± 7.6 62.4 ± 5.4 
Peak HR (b·min-1) 191 ± 7 198 ± 12 
Peak 2Ov-a difference (mL·dL-1) 11.8 ± 1.8 10.7 ± 1.5 
Values are mean ± S.D. V&O2 oxygen uptake; Q& , cardiac output; SV, stroke volume; HR, heart rate, 2Ov-a difference,  arterial-
venous oxygen difference. No significant differences were present 
 
4.4 Discussion 
 
This study produced several novel findings. Firstly the estimated 2Ov-a difference 
response pattern differed with training status. Secondly, estimated stroke volume rose 
linearly throughout exercise in both trained and untrained children. Thirdly swimming 
training for 5 hours per week was not sufficient to elicit significant changes in prepubertal 
children’s peak cardiopulmonary responses to exercise.  
 
This is the first study to investigate the influence of training status on the 2Ov-a difference 
response pattern, demonstrating a linear rise in untrained girls but a non-linear rise in the 
trained girls. The linear rise in the untrained girls may agree with previous results but the 
small number of data points used in the previous study limit comparisons (Nottin et al., 
2002b). Despite this influence of training status on the response patterns, neither the 
baseline nor peak 2Ov-a difference was influenced by training status, in accord with 
previous findings (Rowland et al., 2000; Nottin et al., 2002b; Obert et al., 2003). 
86 
 
 
The mechanistic basis for an influence of training status on the response pattern of
 
2Ov-a difference is unclear. The present results suggest that an altered oxygen delivery is 
unlikely to be associated with the different 2Ov-a difference response patterns given the 
very similar Q& -V&O2 relationships found in the trained and untrained girls. This therefore 
suggests the influence of training status on the 2Ov-a difference response pattern may be a 
reflection of a training status related difference in the utilisation of oxygen, a difference 
which may arise due to an enhanced oxidative capacity which has previously been reported 
in trained children (Eriksson et al., 1973; Fournier et al., 1982). The utility of this training 
status influence on the 2Ov-a difference response pattern is also elusive however, given 
the similarity in peak values. Whilst it is possible this disparity is an indication of the 
presence of a maturational threshold which limits the influences of training status that can 
be evidenced pre-puberty (Katch, 1983), it is beyond the scope of the current study to draw 
such conclusions. This limitation arises partly due to the cross-sectional nature of this study 
which precludes the differences observed being attributed to training per se, as they may 
purely be a reflection of genetic traits which predisposed these children to success in 
swimming.   
 
The stroke volume pattern reported here agrees with previous findings in trained children 
(Rowland et al., 1998), yet contradicts the more commonly reported pattern of an initial 
rise and subsequent plateau (Nottin et al., 2002b; Obert et al., 2003) and has not previously 
been reported in untrained children. No explanation is currently available for the 
progressively increasing SV in either trained or untrained children. In adults, an enhanced 
ventricular filling response (Rowland, 2009) and high blood volume (Krip et al., 1997) 
have been proposed as explanations for a progressively increasing stroke volume until 
exhaustion. However, the relevance of such suggestions to the paediatric population is 
limited as children are not “mini-adults” (Armstrong & Welsman, 2002). 
 
Prior to a discussion regarding possible physiological explanations for the lack of influence 
of training status on peak V&O2, SV and Q& , it is important to highlight the possible 
methodological explanation that this finding is a reflection of the limited power of the 
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current study. This limited power is important when considering the influence of training 
status on absolute or relative physiological values but is considerably less important when 
investigating the influence of training status on response patterns, as was the principle aim 
of this study. 
 
The lack of influence of training status on the peak V&O2, SV and Q&  in the current study is 
surprising, contrasting with many (e.g. Rowland et al., 1998; Rowland et al., 2000; Nottin 
et al., 2002b; Obert et al., 2003) but not all previous studies (e.g. Kobayashi et al., 1978; 
Mirwald et al., 1981; Shephard, 1992; Welsman et al., 1996). The absence of training 
status effects may be related to a disparity between the training (swimming) and testing 
(cycling) modalities. The transferability of training status related influences in children 
remains equivocal, with some suggesting no transferability (Welsman et al., 1997; 
Williams et al., 2000) whilst others report significant improvements in peak V&O2 
irrespective of test modality (McManus et al., 1997; Mandigout et al., 2001).  
 
Alternatively, the results may indicate that 5 hours/week swimming-training is insufficient 
to enable significant influences of training status to be observed in peak cardiopulmonary 
responses. Whilst plausible, it is important to note the training volume of the current 
participants exceeded that outlined by Baquet et al. (2003) as necessary for significant 
influences of training status to be observed. The current results therefore highlight the 
current lack of understanding regarding the dose-response relationship between training and 
its effect in children. 
 
4.5 Conclusion 
 
In summary, the current results failed to demonstrate any significant influence of 
swimming training status in pre-pubertal girls. Nonetheless, the SV and a-vO2 difference 
response patterns did differ qualitatively between the trained and untrained girls, suggesting 
this may be an area worthy of further investigation. The importance of exercise mode also 
requires further investigation as the disparity between training and testing modes is perhaps 
one of the most plausible explanations for the current results. 
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Chapter 5 
 
Study 2 - Influence of training status and exercise modality on pulmonary O2 uptake 
kinetics in pre-pubertal girls 
 
This study has been disseminated as follows: 
 
Publication: Winlove, M.A., Welsman, J.R., & Jones, A.M. (2010). Influence of training 
status and exercise modality on pulmonary O2 uptake kinetics in pre-pubertal girls. 
European Journal of Applied Physiology, 108(6): 1169-1179 
 
Poster Presentation: Winlove, M.A., Welsman, J.R., & Jones, A.M. (2010). Influence of 
training status and exercise modality on pulmonary O2 uptake kinetics in pre-pubertal girls. 
The 25th Paediatric Work Physiology Conference (Le Touquet, France, 30th September – 
2nd October 2009). Awarded 2nd place in the Young Investigator Award. 
 
5.1 Introduction 
 
Pulmonary oxygen uptake (V&O2) kinetics provide a useful, non-invasive assessment of the 
integrated capacity of the organism to transport and utilize O2 to support the increased rate 
of energy turnover in the contracting myocytes (Whipp & Ward, 1990). In adults, the 
influence of factors such as exercise intensity and exercise modality on V&O2 kinetics have 
been well documented (for a detailed review see: (Jones & Poole, 2005b)). Exercise 
training is known to be a potent stimulus to V&O2 kinetics in this population, resulting in 
reductions in both the phase II time constant (τ) and the amplitude of the subsequent V&O2 
‘slow component’ (Powers et al., 1985; Casaburi et al., 1987; Phillips et al., 1995; Carter et 
al., 2000; Koppo et al., 2004; Jones & Koppo, 2005; Berger et al., 2006; Bailey et al., 
2009). 
 
The V&O2 kinetic response in children has been less comprehensively described and the 
influence of endurance training on V&O2 kinetics in this population is unclear (Fawkner & 
Armstrong, 2003a). The available data suggest that training neither reduces τ (Obert et al., 
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2000; Cleuziou et al., 2002) nor reduces the amplitude of the V&O2 slow component (Obert 
et al., 2000) in children. This apparent insensitivity to training clearly contrasts with 
findings in adults (Phillips et al., 1995; Norris & Petersen, 1998; Carter et al., 2000; 
Cleuziou et al., 2003; Koppo et al., 2004). However, it is possible that this is a consequence 
of methodological limitations in paediatric studies such as the use of only single exercise 
transition to characterize V&O2 kinetics, the prescription of exercise intensity as a fraction of 
the peak V&O2, the use of mixed sex cohorts, or the employment of non-specific ergometry. 
The relatively small V&O2 response amplitudes and relatively large inter-breath variability in 
V&O2 in children requires that several repeat transitions are performed for V&O2 kinetics to be 
confidently characterized (Fawkner & Armstrong, 2007). Moreover, the relatively high 
inter-individual variability in the fraction of peak V&O2 at which the gas exchange threshold 
(GET) occurs in children compared to adults (Fawkner & Armstrong, 2007) means that it is 
important to consider both the GET and the peak V&O2 when attempting to standardise the 
exercise intensity domain in which participants are exercising. There are suggestions that 
boys and girls exhibit subtle differences in V&O2 kinetics, with boys suggested to exhibit 
fasterV&O2 kinetics and a smaller slow component amplitude (Fawkner & Armstrong, 
2004c). Therefore the analysis of both sexes together might be inappropriate. Another 
explanation for the reported insensitivity of children to training might be that some 
previous studies utilized non-specific testing modalities. Previous studies have all involved 
investigation of the effects of swimming training on V&O2 kinetics during cycle ergometer 
exercise (Obert et al., 2000; Cleuziou et al., 2002). Considering the large contribution of 
the upper body to swimming (Ogita et al., 1996), a test modality such as upper body 
ergometry, which at least demonstrates a commonality of muscles exercised, might be more 
likely to demonstrate training influences on the physiological responses to exercise.  
 
The purpose of this cross-sectional study was to examine the influence of training status 
and exercise modality on the V&O2 and HR kinetics of pre- and early-pubertal girls during 
heavy-intensity exercise. We hypothesized that the V&O2 and HR kinetics would be faster 
and that the V&O2 slow component amplitude would be smaller in trained swimmers 
compared to an age-matched untrained control group. We also hypothesized, given the 
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large contribution of the upper body to swimming, that training status-related differences 
would be more evident during upper body than during cycle ergometer exercise.  
 
5.2 Methods 
 
5.2.1 Participants 
 
Eight endurance trained (T) girl and 8 untrained (UT) girls aged 10-12 yrs participated. The 
T girls, all competitive swimmers with a mean training volume of 8 (± 2.5) hrs·wk-1, were 
recruited from a local swimming club. The UT girls were volunteers from local schools. 
Sexual maturity was assessed by self-report using the indices of pubic hair described by 
Tanner (1962). Age to peak height velocity was estimated to provide an additional indicator 
of physical maturity according to the equations of Mirwald et al. (2002). 
 
An anthropometrical evaluation was performed before the first test for all participants. 
Standing and seated height were measured to 0.1 cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK) and body mass determined using Avery beam balance scales to 0.05 
kg (Avery, Birmingham, UK). Skinfold thickness was assessed three times at four sites 
around the body (bicep, triceps, subscapular and supra-iliac crest) by the same researcher 
for all participants using Harpenden callipers (Baty International, Burgess Hill, UK), 
accurate to the nearest 0.2mm. The average of the three measurements was taken.  
 
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at 
least 3 hours postprandial and to refrain from consuming caffeinated drinks in the 6 hours 
prior to the test. The methods employed during this study were approved by the 
institutional research ethics committee and all participants and their parents/guardians gave 
written informed consent and assent, respectively. 
 
5.2.2 Measurements of peak V&O2 and GET 
 
On the first two visits to the laboratory, exercise mode-specific peak V&O2 and gas exchange 
threshold (GET) were determined using an incremental ramp test to voluntary exhaustion 
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on both cycle (Lode Excalibur, Netherlands)  and upper body (Lode Angio, Netherlands) 
ergometers. Gas exchange variables (Metalyser 3B Cortex, Biophysik, Leipzig, Germany) 
and heart rate (Polar S610, Polar Electro Oy, Kempele, Finland) were measured on a 
breath-by-breath basis and displayed online. Prior to each test the gas analyser was 
calibrated using gases of known concentration and the turbine volume transducer was 
calibrated using a 3-litre syringe (Hans Rudolph, Kansas City, MO). The delay in the 
capillary gas transit and analyser rise time were accounted for relative to the volume signal, 
thereby time aligning the concentration and volume signals. The handle bar height, seat 
height and crank length (cycle ergometer) and electrically controlled seat height and 
distance (upper body ergometer) were adapted to suit each child and the values recorded so 
they could be replicated throughout the testing series.  
 
After a three minute warm-up consisting of unloaded pedalling or arm cranking, the 
resistance increased by 12 W·min-1 and 5 W·min-1 for cycle and upper body exercise, 
respectively, to attain a test of ~8-12 minutes in duration. Participants were instructed to 
maintain a cadence between 70 and 50 rpm on the cycle and upper body ergometer, 
respectively. Maximal tests were considered to have been achieved if in addition to 
subjective indications such as sweating, hyperpnoea and facial flushing, the respiratory 
exchange ratio (RER) was > 1.05 and there was a consistent reduction in cadence despite 
strong verbal encouragement. The data were interpolated to 1-s intervals and peak V&O2 was 
taken as the highest 10-s stationary average during the test. The GET was determined by 
the V-slope method (Beaver et al., 1986) as the point at which carbon dioxide production 
began to increase disproportionately to V&O2 as identified using purpose designed software 
developed using LabVIEW (National Instruments, Newbury, UK).  
 
5.2.3 Constant work rate tests 
 
The participants returned to the laboratory on a number of other occasions to complete step-
change exercise tests on the upper body and cycle ergometers. Where multiple tests were 
performed on the same day, at least 1 hour separated the tests and the tests were ordered 
such that the first test involved a smaller muscle mass (upper body), thereby resulting in a 
smaller metabolic perturbation and faster recovery. On average, 4 cycle and 7 upper body 
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transitions were completed, dependent on the number of transitions required to obtain 95% 
confidence intervals of < 4 s for cycling or < 4.5 s for upper body exercise. All constant-
work-rate tests consisted of 4 minutes of unloaded pedalling or cranking followed 
instantaneously by a transition to a work rate extrapolated to require 40% of the difference 
between the GET and peak V&O2 (40%∆) for 8 minutes. On completion, the work rate 
instantaneously returned to no load and the participants pedalled or cranked for a further 6 
minutes. Throughout the cycle ergometer and upper body tests, cadences of 70 ± 5 rpm and 
50 ± 5 rpm were maintained respectively. Fingertip blood samples were taken 1 minute 
after completion of the loaded phase and assayed for blood lactate concentration ([lactate]; 
YSI 1500, Yellow Springs Instruments, Yellow Springs, OH). 
 
5.2.4 V&O2 Kinetics Analysis 
 
Initially, the breath-by-breath responses to each transition were examined to remove any 
errant breaths caused by coughing, swallowing, sighing etc using a 5 s moving average to 
identify points lying in excess of 4 SD from the local mean.  Subsequently, each transition 
was interpolated to 1 s intervals, time aligned to the start of exercise and averaged. 
 
To remove the influence of phase I on analysis of the subsequent response, the first 15 s of 
data were ignored. A single exponential model with a time delay (Eq. 5.1) was then applied 
to the averaged response and parameters and their 95% confidence intervals determined by 
least squares linear regression analysis (Graphpad Prism, San Diego, CA). 
( )( )11 /1)(2 1 τδ−−⋅ −⋅=∆ tt eAOV    (Eq. 5.1) 
 
where ∆V&O2 is the increase in V&O2 at time t above the baseline value (calculated as the 
mean V&O2 from the first 45 seconds of the last minute of baseline pedalling), and A1, δ1 and 
τ1 are the primary component amplitude, time delay and time constant, respectively.  
 
The fitting window was constrained to exclude all data after the visually determined onset 
of the V&O2 slow component, as described in section 3.14. The amplitude of the V&O2 slow 
component was subsequently determined by calculating the difference between the end 
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exercise V&O2 and the primary amplitude plus baseline V&O2. This was expressed both in 
absolute terms and relative to end exercise V&O2. 
 
5.2.5 HR Kinetics Analysis 
 
As with the V&O2 responses, the HR responses to each transition were interpolated to 1 
second intervals, time aligned and averaged to produce a single data set. The resulting data 
set was fit with a single exponential with no time delay (Eq. 5.2) with the fitting window 
starting at t = 0 and constrained to the onset of the V&O2 slow component.  
 ( ))/(1)( 11 τtt eAHR −−⋅=∆    (Eq. 5.2) 
 
where ∆HR is the increase in heart rate at time t above the baseline (calculated as the mean 
heart rate from the first 45 seconds of the last minute of baseline pedalling), and A1 and τ1 
are the primary component amplitude and time constant, respectively.  
 
5.2.6 Statistics 
 
The allometric relationship between body mass and peak V&O2 was determined using 
ANCOVA on log transformed data (Welsman & Armstrong, 2000). Following 
identification of a normal distribution, homogenous variation and an absence of skewness 
or kurtosis a two way ANOVA with repeated measures was used to analyse training status 
and exercise mode effects. Subsequent independent or paired samples t-tests with a 
Bonferonni correction were employed as appropriate to identify the location of significant 
effects. All data are presented as means ± SD. Statistical significance was accepted when P 
< 0.05.  
 
5.3 Results 
 
The physical characteristics of the participants are presented in Table 5.1. All children 
reported a maturity level of 1 or 2, indicting the study population was pre- or early-
pubertal. Both groups had equal numbers of maturity stage 1 and 2 participants.  
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Table 5.1 Morphological characteristics of participants 
 Trained Untrained 
Age (y) 11.4 ± 0.7 11.5 ± 0.6 
Stature (m) 1.48 ± 0.06 1.52 ± 0.05 
Mass (kg) 39.9 ± 6.9 43.2 ± 8.6 
Sum of skinfolds (mm) 36.4 ± 14.6 43.8 ± 25.6 
Years to PHV (y) -0.46 ± 0.5 -0.31 ± 0.45 
Values are mean ± SD. No significant differences were present. N = 8 
 
Responses to the peak tests on each mode did not differ between groups before or after 
allometric scalling (P > 0.05). Peak values achieved on the cycle ergometer were 
significantly higher than the respective values achieved on the upper body ergometer within 
each group (P < 0.005), with the exception of peak RER, peak blood [lactate] and the 
fraction of peak V&O2 at which the GET occurred (P > 0.05).  
 
Table 5.2 Peak physiological responses to exercise on a cycle and upper body ergometer in 
trained and untrained girls 
 Cycle Ergometry Upper body Ergometry 
 Trained Untrained Trained Untrained 
Peak V& O2 (L·min-1) 1.69 ± 0.23 1.60 ± 0.30 1.13 ± 0.13 # 1.09 ± 0.19 ## 
Peak V&O2 (mL·kg-1·min-1) 42.9 ± 4.9 37.8 ± 7.7 29.0 ± 5.5 # 25.4 ± 2.9 ## 
Peak V&O2 (mL·kg-0.56·min-1) 311 ± 30 285 ± 47 260 ± 33 # 242 ± 31 
Peak HR (b·min-1) 192 ± 7 195 ± 8 177 ± 6 # 180 ± 17 ## 
Peak RER 1.11 ± 0.08 1.18 ± 0.13 1.07 ± 0.05 1.16 ± 0.12 
Peak blood [lactate] (mM) 5.0 ± 0.9 5.3 ± 1.2 3.7 ± 0.6 3.9 ± 0.7 
Peak WR (W) 142 ± 12 132 ± 25 59 ± 6 58 ± 11 
GET (L·min-1) 0.84 ± 0.06 0.88 ± 0.17 0.53 ± 0.07 # 0.57 ± 0.10 ## 
GET (% peak V&O2) 51 ± 7 58 ± 3 50 ± 9 54 ± 5 
Values are mean ± SD.  V&O2, oxygen uptake; HR, heart rate; RER, respiratory exchange ratio; blood [lactate], blood lactate 
concentration; WR, work rate; GET, gas exchange threshold. N = 8 
 # Significant difference between modes in trained children (P < 0.01) 
## Significant difference between modes in untrained children (P < 0.01) 
 
In Table 5.3, the V&O2 responses to the constant-work-rate tests on the cycle ergometer and 
upper body ergometer are presented. Between-group differences were evident in baseline 
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V&O2, with UT demonstrating a higher baseline value regardless of the exercise modality (d 
= 2.23 and 1.63 for cycle and upper body exercise, respectively; P < 0.01). The UT had a 
significantly longer V&O2 phase II τ (i.e. slower kinetics) during upper body exercise 
compared to Τ (d = 2.62; P < 0.001) and also compared to their respective cycle ergometer 
response (d = 1.91; P < 0.01). There was no correlation (P > 0.05) between the upper body 
and cycle ergometer phase II τ in T (r = -0.36) UT (r = -0.33) or when all the girls were 
analysed together (r = -0.21). The V&O2 response of a representative participant from both 
groups is illustrated in Figure 5.1 for both cycle and upper body exercise. No training 
status-related differences were evident in the other V&O2 related parameters during constant-
work-rate exercise as shown in Table 5.3. No significant correlation was evident between 
peak V&O2 and the phase II τ in T or UT girls or when the all the girls were analysed 
together for either cycle exercise (r = -0.47, -0.37 and -0.36) or upper body exercise (r = -
0.18, -0.43 and -0.46). 
 
Table 5.3 Oxygen uptake kinetics and blood [lactate] during heavy-intensity exercise on a 
cycle and upper body ergometer in trained and untrained girls 
 Cycle Ergometry Upper Body Ergometry 
 Trained Untrained Trained Untrained 
Baseline V& O2 (L·min-1) 0.44 ± 0.04 0.55 ± 0.06 * 0.34 ± 0.02 # 0.40 ± 0.05 *, # 
Phase II time delay (s) 11 ± 3 12 ± 3 12 ± 2 9 ± 4 
Phase II τ (s)   25 ± 5 25 ± 7 25 ± 3 37 ± 6 *, # 
95% confidence interval (s) 3 ± 1 4 ± 0 4 ± 1 4 ± 0 
Phase II amplitude (L·min-1) 0.83 ± 0.16 0.64 ± 0.17 0.45 ± 0.07 # 0.51 ± 0.18 
Phase II gain (mLO2·min-1·W-1) 9.2 ± 0.9 8.9 ± 2.7 12.2 ± 2.5 # 12.5 ± 1.9 # 
Slow component amplitude (L·min-1) 0.08 ± 0.04 0.06 ± 0.03 0.05 ± 0.4 0.05 ± 0.02 
Slow component amplitude (% end exercise V& O2) 10 ± 4 9 ± 5 9 ± 5 8 ± 2 
End-exercise V& O2 (L·min-1) 1.35 ± 0.19 1.26 ± 0.17 0.83 ± 0.09 # 0.95 ± 0.23 # 
R2 0.79 0.89 0.88 0.78 
Blood [lactate] (mM) 3.9 ± 0.9 4.1 ± 1.4 2.7 ± 0.6 # 3.3 ± 1.0 
Values are mean ± SD V&O2, oxygen uptake;  τ, time constant; blood [lactate], blood lactate concentration. N = 8 
* Significant difference between trained and untrained within exercise modality (P < 0.01) 
# Significant difference between modes within training status group (P < 0.01) 
 
The higher work rates employed during cycle exercise resulted in higher absolute V&O2 
values both at the end of the primary phase and at the end of exercise (P < 0.001).  
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However, the V&O2 primary component gain was higher during upper body exercise (P < 
0.01). Τ had a higher end-exercise blood [lactate] during cycle compared to upper body 
exercise (d = 1.62; P < 0.01). A V&O2 slow component was evident in all the girls’ responses 
with the exception of one trained girl who failed to show a significant deviation from the 
steady state during upper body exercise. There were no differences in the absolute or 
relative magnitude of the V&O2 slow component with training status or exercise modality.  
 
Figure 5.1 Pulmonary oxygen uptake response to a step increment in work rate from an 
unloaded baseline to a heavy intensity work rate (40%∆) in a representative trained (closed 
circles) and untrained participant (open circles) during cycle exercise (A) and upper body 
exercise (B). The data are expressed as a percentage of the end exercise amplitude with the 
solid and dashed lines represent the mono-exponential model fiT. For clarity, data are 
displayed as 5-s bin averages 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The parameters derived from the modelling of the HR responses to constant-work-rate 
exercise are presented in Table 5.4. UT had higher baseline HR regardless of the exercise 
modality (d = 2.55 and 1.50 for cycle and upper body exercise, respectively; P < 0.01). On 
both modalities, the HR response was faster in T than UT (d = 1.65 and 1.64 for cycle and 
upper body exercise, respectively; P < 0.01) but there was no influence of exercise 
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modality in either group. The HR response of a representative participant from both groups 
is illustrated in Figure 5.2 for both cycle and upper body exercise. No correlation was found 
for either exercise mode between the V&O2 phase II τ and the HR τ in either trained (cycle: r 
= 0.53; upper body: r = 0.22) or untrained (cycle: r = 0.44; upper body: r = 0.14) girls or 
when all the girls were analysed together (cycle: r = 0.35; upper body: r = 0.19). 
 
Table 5.4 Heart rate kinetics during heavy-intensity exercise on a cycle and upper body 
ergometer in trained and untrained girls 
 Cycle Ergometry Upper Body Ergometry 
 Trained Untrained Trained Untrained 
HR baseline (b·min-1) 91 ± 8 112 ± 9 * 93 ± 6 101 ± 5 *,# 
HR phase II τ (s) 31 ± 11 47 ± 9 * 33 ± 8 43 ± 4 * 
HR phase II amplitude (b·min-1) 62 ± 8 54 ± 10 48 ± 7 # 41 ± 10 # 
End-exercise HR (b·min-1) 169 ± 9 179 ± 9 151 ± 12 # 157 ± 17 # 
95% confidence interval (s) 1 ± 0 2 ± 1 1 ± 0 2 ± 1 
Values are mean ± SD.  HR, heart rate; τ, time constant. N = 8 
* Significant difference between trained and untrained within exercise modality (P < 0.01) 
# Significant difference between modes within training status group (P < 0.01) 
 
Figure 5.2. Heart rate response to a step increment in work rate from an unloaded baseline 
to a heavy intensity work rate (40%∆) in a representative trained (closed circles) and 
untrained participant (open circles) during A) cycle and B) upper body exercise. Data 
expressed as a percentage of the primary phase amplitude and the solid and dashed lines 
represent the mono-exponential model fit. For clarity, data are displayed as 5-s bin averages 
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5.4 Discussion 
 
This is the first study to investigate the influence of training status and exercise modality on 
the V&O2 and HR kinetic responses during step transitions to a heavy intensity work rate in 
children. We hypothesised that adaptations to swimming training would be evident in the 
V&O2 and HR kinetics measured during constant-work-rate exercise tests and that the effects 
would be more evident during upper body than during cycle ergometry. The results are 
partly consistent with our hypotheses as training status effects were evident in the V&O2 
kinetic response to upper body ergometry and in the HR kinetic response to both exercise 
modalities. Specifically, in response to the transition to a heavy-intensity work rate, trained 
girls had faster V&O2 (upper body only) and HR kinetics (both modalities) compared to 
untrained girls. There was no effect of training status on the physiological responses to 
incremental exercise for either exercise modality. 
 
5.4.1 Peak physiological responses 
 
The peak physiological responses observed in the present study during both cycle and 
upper body ergometry demonstrate the insensitivity of peak values to training in children. 
Whilst the absence of an influence of training status on peak V&O2 is not a novel finding 
during cycle ergometry (Shephard, 1992; Welsman et al., 1996), the physiological 
responses to upper body ergometry have not previously been investigated. This study 
therefore demonstrates that even when a more relevant, if not entirely sport-specific, 
exercise modality is used, incremental tests to the limit of tolerance are inappropriate for 
the investigation of training status differences, at least in pre- and early-pubertal girls. A 
limitation of this study is that no supra-maximal tests were conducted to verify if the peak 
V&O2 values obtained from the incremental ramp tests were true peak values. The HR, RER 
and blood [lactate] criteria that are commonly applied for the acceptance of a V&O2 ‘max’ 
both in adult and paediatric populations has recently been challenged (Poole et al., 2008b; 
Barker et al., 2009). Consequently, the peak V&O2 values reported here cannot be 
definitively stated to reflect a maximal effort and are presented for consideration within the 
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limits of reliability reported for peak V&O2 determined using this traditional methodology 
(Welsman et al., 2005).  
 
The similar peak V&O2 values reported here between the T and UT girls may largely reflect 
genetic factors and/or that the appropriate hormonal milieu required for training adaptations 
in peak V&O2 to be manifest is not sufficiently developed before puberty (Katch, 1983). It is 
widely accepted that stroke volume (and hence cardiac output) is a primary determinant of 
peak V&O2 (Nottin et al., 2002b; Obert et al., 2003). It is interesting to note, therefore, that 
several studies have been unable to demonstrate changes in myocardial morphology 
following training in children (Nottin et al., 2004; Obert et al., 2009; Rowland et al., 
2009a). Since changes in cardiac structure including an increased thicknesses of the 
intraventricular and posterior walls thickness are commonly reported in adults (e.g. George 
et al., 1991; Caso et al., 2000), this might indicate that structural adaptations to cardiac 
muscle with training is somehow impeded in children. This age-related disparity may be 
related to a biological immaturity such as a lack of testosterone (Rowland et al., 1994; 
Obert et al., 2003) or to an overload limitation, either due to the lower blood pressures 
present in children during exercise (Nottin et al., 2002b) or the shorter duration of training 
undertaken by children (Nottin et al., 2004). Although training has been reported to 
increase testosterone and growth hormone levels from puberty onwards, no difference in 
the levels of these hormones has been shown pre-puberty (Zakas et al., 1994; Daly et al., 
1998; Tsolakis et al., 2003). 
 
Consistent with previous training studies in pre-pubertal children, we found no influence of 
training status on the fraction of peak V&O2 at which the GET occurred (Obert et al., 2000; 
Cleuziou et al., 2002). These findings contrast with those commonly reported in adults 
where training increases the fraction of peak V&O2 at which the GET occurs (Carter et al., 
2000; Boone et al., 2008). The reason/s for this discrepancy is unclear from the present 
results. Exercise modality did not influence the percentage of peak V&O2 at which the GET 
occurred, a finding which agrees with some adult studies (Koga et al., 1996; Schneider et 
al., 2002) but contrasts with others (Davis et al., 1976; Bhambhani et al., 1998). 
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5.4.2 Sub-maximal physiological responses: cycle exercise 
 
In agreement with previous studies, swimming training status did not alter the primary 
component V&O2 kinetics nor affect the V&O2 slow component amplitude in absolute or 
relative terms during cycle ergometer exercise (Obert et al., 2000; Cleuziou et al., 2002). 
The novelty of this study therefore lies not in the cycle ergometry results but in the 
confidence associated with those results, as this is the first study in children to employ a 
stringent and controlled methodology, the result of which was confidence intervals well 
within those suggested by Fawkner and colleagues (2007) for both the phase II τ and 
primary phase amplitude.  
 
Our results are not, however, in agreement with those obtained in adults which show a 
reduced phase II τ during cycle exercise subsequent to training (e.g. Koppo et al., 2004; 
Berger et al., 2006; Figueira et al., 2008; Bailey et al., 2009) or consequently with our 
hypothesis. The cause of this disparity is not readily apparent but may be related to either 
an age-dependent change in the muscles’ potential for oxygen utilisation (Fawkner & 
Armstrong, 2004a) or to the shorter duration of training in children. Alternatively, the 
failure of this and previous studies to demonstrate differences in the V&O2 kinetic response 
in relation to training or training status during cycle ergometry may be related to 
inappropriate testing modalities. Swimming is widely accepted to have a significant upper 
body contribution (Ogita et al., 1996) and hence the testing of swimmers on a cycle 
ergometer might not be sufficiently specific. Whilst there is a variable contribution of the 
lower body to swimming, the present results could suggest there was very little effect of 
training on the legs of the participants tested.  Additionally, the lack of difference in V&O2 
kinetics between the T and UT children during cycle exercise might reflect a similar level 
of habitual physical activity involving walking, running or cycling in the two groups. 
 
5.4.3 Sub-maximal physiological responses: upper body exercise 
 
To our knowledge, this is the first study to characterise V&O2 kinetics during upper body 
exercise in children. The phase II τ values reported here for UT children are similar to those 
of Smith et al. (2006b) and considerably faster than those reported by Koga et al. (1996) 
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and Koppo et al. (2002) for adults. No data are available for comparison with the trained 
girls phase II τ, even within the adult literature. The primary phase gain for both trained and 
untrained girls is within the range reported in adult studies (Koppo et al., 2002; Smith et 
al., 2006b). 
 
This is the first study to report a significant training status-related difference in the V&O2 
kinetics of prepubertal girls. Specifically, the phase II τ was 32% faster for upper body 
ergometry in the T compared to the UT girls, a finding that emphasises the importance of 
test mode specificity and indicates that an exercise modality involving the upper body is 
more appropriate for testing swimmers. Considering that upper body ergometry does not 
precisely represent the movements involved in swimming, it is likely that greater 
differences between T and UT girls would be demonstrated if V&O2 kinetics were to be 
characterised during a swimming test. Further work is required to develop methodologies to 
enable such measurements.  
 
Resolution of the mechanisms responsible for the faster V&O2 kinetics found in the 
swimmers of this study is impeded by the cross-sectional nature of the study. The 
comparison of T and UT participants means it is impossible to attribute the differences 
observed to training per se, as the differences may purely be a reflection of genetic traits 
which predisposed these children to success in swimming.  
 
If physiological adaptations to training did contribute to the differences observed, the faster 
V&O2 kinetics could potentially be related to an increased muscle O2 delivery, greater muscle 
oxidative capacity, and/or to differences in muscle fibre type distribution or recruitment 
subsequent to training. HR kinetics, which may provide a crude estimate of muscle blood 
flow kinetics (MacPhee et al., 2005), were faster for both exercise modalities in the T girls. 
However, the V&O2 and HR kinetics were not related in either group suggesting that O2 
oxygen delivery was not a limiting factor, a conclusion which agrees with adult studies (see 
Poole et al (2008a), for review). Endurance training has been shown to enhance muscle 
oxidative capacity in adults through increases in mitochondrial volume and oxidative 
enzyme activities (Holloszy, 1967; Mogensen et al., 2006). Whether similar adaptations to 
training are present in pre-pubertal children remains to be resolved, with information 
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regarding the muscle oxidative capacity of T and UT children almost non-existent (Mahon, 
2008). The limited information available suggests that training may increase muscle 
oxidative enzyme activity in children (Eriksson et al., 1973; Fournier et al., 1982).  An 
increased mitochondrial volume following endurance training would be predicted to result 
in faster V&O2 kinetics (Meyer, 1988). In the present study, we are unable to ascertain the 
physiological mechanism(s) which led to faster V&O2 kinetics in T compared to UT girls. 
However, as in adults, this is likely a function of an enhanced integrated capacity to both 
transport and utilize O2 (Jones & Koppo, 2005; Poole et al., 2008a). 
 
It is possible that the recruitment of muscle fibres of different types may influence the 
pulmonary phase II τ, since it has been suggested that type I fibres have a faster time 
constant for the rise in V&O2 (Crow & Kushmerick, 1982; Krustrup et al., 2008). Indirect 
evidence for an influence of muscle fibre type on V&O2 kinetics has been provided by the 
demonstration of a negative correlation between the type I fibres percentage in the vastus 
lateralis and the pulmonary phase II τ during cycle exercise (Pringle et al., 2003). Such a 
negative association is pertinent to the current results because some studies report that 
endurance training induces an increase in the percentage of type I fibres (Saltin & Gollnick, 
1983; Russell et al., 2003) and/or alters the recruitment pattern to reduce the contribution of 
type II fibres. Therefore, the faster τ in the current study may be related to training-induced 
differences in the metabolic properties of the muscle fibres recruited to meet the exercise 
demand.  
 
There was no significant correlation between the peak V&O2 and the phase II τ in either the T 
or the UT group for either exercise mode. This is consistent with some previous studies in 
both paediatric (Cleuziou et al., 2002; Fawkner et al., 2002) and adult (Carter et al., 2000) 
populations, but differs from other studies which have suggested that higher peak V&O2 
values are associated with faster phase II V&O2 kinetics in children (Cooper et al., 1985)and 
adults (Powers et al., 1985; Chilibeck et al., 1996). Given that both peak V&O2 and V&O2 
kinetics are acknowledged as parameters of oxidative metabolic function, a relationship 
between the two might be expected at least in a sample of subjects with heterogeneous 
aerobic fitness (Poole et al., 2005). That this was not the case in the present study might be 
a function of the relatively small sample size but might also reflect differences in the 
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factors which are predominantly limiting, i.e., central cardiovascular factors for peakV&O2 
and intrinsic muscle metabolic factors for V&O2 kinetics (Poole et al., 2008a). 
 
5.4.4 Influence of exercise modality on V&O2 kinetics 
 
To our knowledge, this is the first study to investigate the influence of exercise modality on 
the V&O2 kinetics of T and UT children. The slower phase II τ during upper body ergometry 
compared to cycle ergometry in the UT girls is consistent with previous reports in adults 
(Koga et al., 1996; Koppo et al., 2002; Schneider et al., 2002). However, in the T girls 
there was no difference in the phase II τ between exercise modalities. 
 
The musculature of the arm and leg differ in the percentage of type I muscle fibres and the 
capillary-to-fibre ratio, both being lower in the arm musculature (Johnson et al., 1973; 
Turner et al., 1997). Furthermore, the muscle perfusion pressure has been suggested to be 
lower during arm exercise due to a reduced “gravitational assist” to muscle blood flow 
compared to upright leg exercise (Koga et al., 1999; Jones & Burnley, 2005; Koppo & 
Bouckaert, 2005). These factors could negatively influence the rate of adjustment of V&O2 to 
an increased metabolic demand and, therefore, the modality-related differences in the phase 
II τ in UT girls may be a reflection of these differences. Given the physiological differences 
in arm and leg musculature including a higher proportion of type II fibres in the upper 
body, it is perhaps surprising that no differences were found in the amplitude of the V&O2 
slow component between exercise modalities. However, it is important to note that upper 
body exercise involves a contribution of accessory muscles, such as the shoulders and back, 
both in the generation of power and for stabilisation; it is possible that these factors obscure 
the relationship between fibre recruitment and V&O2 kinetics (Smith et al., 2006a).  
 
5.5 Conclusions 
 
In conclusion, incremental exercise tests did not reveal any influence of training status on 
GET or peak V&O2 regardless of exercise modality in pre-pubertal girls. However, T girls 
had faster phase II V&O2 kinetics compared to UT girls during upper body but not cycle 
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ergometry. As a consequence, the V&O2 kinetics of T girls was not different between the 
exercise modalities, whereas UT girls had slower phase II V&O2 kinetics during upper body 
exercise compared to leg exercise. These data therefore highlight the importance of test 
specificity in revealing training status differences and demonstrate, for the first time, that 
V&O2 kinetics are faster in trained compared to untrained pre-pubertal girls 
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Chapter 6 
 
Study 3 - Influence of training status and exercise modality on pulmonary O2 uptake 
kinetics in pubertal girls 
 
This study has been disseminated as follows: 
 
Publication: McNarry, M.A., Welsman, J.R., & Jones, A.M. (2010). Influence of training 
status and exercise modality on pulmonary O2 uptake kinetics in pubertal girls. European 
Journal of Applied Physiology. DOI: 10.1007/s00421-010-1681-6. 
 
Poster Presentation: Winlove, M.A., Welsman, J.R., & Jones, A.M. (2010). Influence of 
training status and exercise modality on pulmonary O2 uptake kinetics in pubertal girls. The 
15th Annual Conference of the European College of Sport Science (Antalya, Turkey, 23rd-
26th June 2010). Awarded 3rd place in the Young Investigator Award. 
 
6.1 Introduction 
 
Following a sudden increase in the external work rate, pulmonary oxygen uptake (V&O2) 
increases in a predictable, exercise-intensity dependent manner. Below the gas exchange 
threshold (GET), the V&O2 response is characterised by 3 phases: an initial cardiodynamic 
phase which reflects the rapid elevation in cardiac output and pulmonary blood flow, a 
second phase during which V&O2  increases exponentially (reflecting the increasing muscle 
V&O2; (Grassi et al., 1996; Krustrup et al., 2009) and a final steady-state phase which is 
typically achieved after 2-3 minutes of constant-work-rate exercise (Whipp & Wasserman, 
1972; Whipp et al., 1982). Above the GET the attainment of a steady state is delayed, or 
even precluded, by the presence of a supplementary “slow component” of V&O2 (Whipp & 
Wasserman, 1972; Barstow & Mole, 1991). 
 
The V&O2 kinetic response has been demonstrated to be highly adaptive in adults, with one 
of the most potent interventions being exercise training.  Endurance training has been 
shown to result in a faster phase II time constant (τ) and a reduced contribution of the slow 
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component to the total increase in V&O2 (Powers et al., 1985; Koppo et al., 2004; Bailey et 
al., 2009). The temporal features of the V&O2 response have similarly been shown to be 
influenced by training status in pre-pubertal children, provided that an appropriate test 
modality is used (chapter 5), although this remains controversial (Obert et al., 2000; 
Cleuziou et al., 2002).  
 
There is a dearth of studies investigating the influence of training status on V&O2 kinetics in 
pubertal populations. In the only previous study, adolescent male football players 
demonstrated significantly faster V&O2 kinetics during moderate intensity cycle exercise 
(Marwood et al., 2010). Whether training status similarly influences the τ or slow 
component of V&O2 during heavy intensity exercise in adolescents is unknown. This 
question warrants investigation given reports in adults that the effects of training status on 
V&O2 kinetics may be exercise-intensity dependent (Carter et al., 2000; Krustrup et al., 
2004; Bailey et al., 2009). 
 
The mechanistic bases for training status-related differences in V&O2 kinetics are unclear. 
While V&O2 kinetics is accepted to be regulated by both muscle O2 delivery and O2 
utilisation, the relative importance of each factor in different populations, at different 
intensities and in different exercise modalities remains a topic of debate (Tschakovsky & 
Hughson, 1999; Jones & Burnley, 2005; Poole et al., 2008a). In adults, it appears that the 
training-induced speeding of the phase II τ may be predominantly related to an enhanced 
O2 extraction at the muscle (Krustrup et al., 2004; Bailey et al., 2009) due to an increased 
mitochondrial volume and oxidative enzyme activity (Phillips et al., 1995; Krustrup et al., 
2004) and/or to an enhanced matching of perfusion to metabolic demand (Murias et al., 
2010). Bulk muscle blood flow has also been shown to be enhanced following training 
(Shoemaker et al., 1996; Laughlin & Roseguini, 2008) and therefore cannot be eliminated 
as a potential explanatory variable (McKay et al., 2009). Information on the extent to which 
training status-related differences in V&O2 kinetics are related to central or peripheral factors 
in adolescents is sparse. Marwood et al. (2010) have recently reported that during moderate 
intensity exercise male adolescent football players had faster heart rate kinetics but 
unaltered deoxygenated haemoglobin/myoglobin ([HHb]) kinetics compared to untrained 
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subjects. The authors interpreted these results as evidence that training enhanced both 
muscle O2 delivery and fractional O2 extraction (Marwood et al., 2010). The mechanistic 
basis for any differences in V&O2 kinetics during heavy intensity exercise in adolescents has 
yet to be investigated, with available techniques necessarily indirect due to the ethical 
considerations associated with testing young populations. 
 
A fundamental limitation of many of the studies investigating the influence of training 
status on V&O2 kinetics in adolescents is a lack of commonality between the muscles trained 
and the muscles tested. Indeed, the importance of exercise modality to the investigation of 
training status influences on V&O2 kinetics has previously been reported in pre-pubertal girls 
where effects were evident in upper body but not lower body exercise (Chapter 5).  
 
The purpose of this cross-sectional study was to assess the influence of training status on 
the kinetics of V&O2, HR and muscle deoxygenation in pubertal girls during heavy-intensity 
exercise. We hypothesised that, in accordance with findings in adults, the V&O2 kinetics 
would be faster and that the V&O2 slow component would be relatively smaller in trained 
swimmers compared to an age-matched untrained control group. We also hypothesised, 
given the large upper body contribution to swimming (Ogita et al., 1996), that training 
status-related differences would be more evident during upper body (arm crank ergometer) 
than during lower body (cycle ergometer) exercise. 
 
6.2 Methods 
 
6.2.1 Participants 
 
Eight endurance-trained (T) girls and 8 untrained (UT) girls aged 13-15 years participated 
in this study. The T group, all competitive swimmers with a mean training volume of 12 (± 
2) hours/week and who had been swimming for an average of 5.2 (± 0.7) years, were 
recruited from a local swimming club. The UT group comprised volunteers from local 
schools. Sexual maturity was assessed by self-report using the indices of pubic hair 
described by Tanner (1962). All children reported a maturity level of 3 or 4, indicating the 
study population was pubertal. Age to peak height velocity was estimated to provide an 
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additional indicator of physical maturity according to the equations of Mirwald et al. 
(2002).  
 
All participants were anthropometrically evaluated during the first visit to the laboratory. 
Standing and seated height was measured to 0.1 cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK) and body mass was determined to 0.05 kg using Avery beam 
balance scales (Avery, Birmingham, UK). Skinfold thickness was assessed three times at 
four sites around the body (biceps, triceps, subscapular and supra-iliac crest) by the same 
researcher for all participants using Harpenden callipers (Baty International, Burgess Hill, 
UK), accurate to the nearest 0.2 mm. The average of the three measurements was taken. 
Table 6.1 presents the participants’ physical characteristics. 
 
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at 
least 3 hours postprandial and to have avoided consuming caffeinated drinks for 6 hours 
prior to the test. The methods employed during this study were approved by the 
institutional research ethics committee and all participants and their parents/guardians gave 
written informed consent and assent, respectively. 
 
Table 6.1 Physical characteristics of participants 
 Trained Untrained 
Age (y) 14.2 ± 0.7 14.5 ± 1.3 
Stature (m) 1.66 ± 0.04 1.61 ± 0.06 
Mass (kg) 54.0 ± 5.1 58.7 ± 12.1 
Sum of skinfolds (mm) 34.0 ± 10.7 48.7 ± 23.3 
Estimated years past PHV (y) 2.0 ± 0.4 2.4 ± 0.6 
Values are mean ± SD. PHV, peak height velocity. No significant differences were present. N = 8 
 
6.2.2 Incremental Test 
 
On the first two visits to the laboratory, exercise mode-specific peak V&O2 and gas exchange 
threshold (GET) were determined using a ramp incremental test to voluntary exhaustion on 
both cycle (Lode Excalibur, Netherlands) and upper body (Lode Angio, Netherlands) 
ergometers. The handle bar height, seat height and crank length (cycle ergometer) and 
109 
 
electrically controlled seat height and distance (upper body ergometer) were adjusted to suit 
each participant and the values recorded so they could be replicated throughout the testing 
series.  
 
After a three minute warm-up consisting of unloaded pedalling or arm cranking (equivalent 
to 10W at 70 rpm according to the manufacturer’s guidelines), the resistance increased by 
20 W·min-1 and 10 W·min-1 for cycle and upper body exercise, respectively, to attain a test 
of ~8-12 minutes in duration (Buchfuhrer et al., 1983). Participants were instructed to 
maintain a cadence within the range of 70 ± 5 and 50 ± 5 rpm on the cycle and upper body 
ergometer, respectively. Maximal tests were considered to have been achieved if in addition 
to subjective indications such as sweating, hyperpnoea and facial flushing and there was a 
consistent reduction in cadence despite strong verbal encouragement. The peak V&O2 was 
defined as the highest 10-s stationary average during the test. The GET was determined by 
the V-slope method (Beaver et al., 1986) as the point at which carbon dioxide production 
began to increase disproportionately to V&O2 as identified using purpose written software 
developed using LabVIEW (National Instruments, Newbury, UK).  
 
6.2.3 Constant Work Rate Tests 
 
The participants returned to the laboratory on a number of other occasions to complete 
“step” tests on the upper body and cycle ergometers for the determination of V&O2 kinetics. 
Where multiple tests were performed on the same day, at least 1 hour separated the tests 
and the tests were ordered such that the first test involved a smaller muscle mass (upper 
body), thereby resulting in a smaller metabolic perturbation and faster recovery. On 
average, 3 cycle and 4 upper body transitions were completed, depending on the number of 
transitions required to obtain 95% confidence intervals of < 4 s for the phase II V&O2 τ. All 
constant-work-rate tests consisted of 4 minutes of unloaded pedalling or cranking followed 
by an ‘instantaneous’ transition to a work rate calculated to require 40% of the difference 
between the GET and peak V&O2 (40%∆) for 8 minutes. At 8 minutes the work rate returned 
to an unloaded baseline at which the participants pedalled or cranked for a further 6 
minutes. Throughout the cycle ergometer and upper body tests, cadences of 70 ± 5 rpm and 
50 ± 5 rpm were maintained, respectively.  
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6.2.4 Measurements 
 
Throughout all the tests, gas exchange variables (Metalyser 3B Cortex, Biophysik, Leipzig, 
Germany) and heart rate (Polar S610, Polar Electro Oy, Kempele, Finland) were measured 
on a breath-by-breath basis and displayed online. Prior to each test the gas analysers were 
calibrated using gases of known concentration and the turbine volume transducer was 
calibrated using a 3-litre syringe (Hans Rudolph, Kansas City, MO). The delay in the 
capillary gas transit and analyser rise time were accounted for relative to the volume signal, 
thereby time-aligning the concentration and volume signals. During each transition, 
fingertip blood samples were taken 1 minute after completion of the loaded phase and 
assayed for blood lactate concentration (YSI 1500, Yellow Springs Instruments, Yellow 
Springs, OH). 
 
For at least one transition for each exercise modality, the oxygenation status of the right m. 
vastus lateralis (cycle) or right m. tricep brachii (upper body) was monitored using a 
commercially available near-infrared system (NIRO 300, Hamamatsu Photonics KK, 
Hiugashi-ku, Japan). This system consists of an emission probe which emits four 
wavelengths of light (776, 826, 845 and 905 nm) and a photon detector. The intensity of 
incident and transmitted light was recorded continuously at 2 Hz and used to estimate the 
concentration changes relative to baseline levels for oxygenated, deoxygenated and total 
haemoglobin. The [HHb] signal was used as an indicator of O2 extraction within the field of 
interrogation (DeLorey et al., 2003; Grassi et al., 2003; Jones et al., 2006; Ferreira et al., 
2007). The contribution of myoglobin to the NIRS signal is currently unresolved (Seiyama 
et al., 1988; Masuda et al., 2010). Therefore, the [HHb] signal described throughout this 
paper should be considered to refer to the combined concentration of both deoxygenated 
haemoglobin and myoglobin. 
 
The muscle was initially cleaned and the probes placed in a rubber holder which was 
adhered to the skin at the midpoint of the muscle. To ensure the holder and its probes 
remained stationary during exercise and to minimise the interference of extraneous light 
with the near-infrared signal a bandage was wrapped around the arm/leg. The position of 
the holder relative to the fibular head or ulna head was recorded to enable accurate 
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replication in subsequent tests. The NIRS signal was zeroed with the participant at rest in a 
seated position with the muscle stationary and relaxed. 
 
6.2.5 V&O2 Kinetics Analysis 
 
Initially, the breath-by-breath responses to each transition were examined to remove any 
errant breaths caused by coughing, swallowing, sighing etc, using a 5 s moving average to 
identify points lying in excess of 4 SD from the local mean. Subsequently, each transition 
was interpolated to 1 s intervals, time aligned to the start of exercise and averaged. 
 
To remove the influence of phase I on analysis of the subsequent response, the first 15 s of 
data were ignored. A mono-exponential model with a time delay (Eq. 6.1) was then applied 
to the averaged response and kinetic parameters and their 95% confidence intervals 
determined by least squares linear regression analysis (Graphpad Prism, Graphpad 
Software, San Diego, CA). 
( )( )11 /1)(2 1 τδ−−⋅ −⋅=∆ tt eAOV    (Eq. 6.1) 
 
where ∆V&O2 is the increase in V&O2 at time t above the baseline value (calculated as the 
mean V&O2 from the first 45 s of the last minute of baseline pedalling), and A1, δ1 and τ1 are 
the primary component amplitude, time delay and time constant, respectively.  
 
The fitting window was constrained to exclude all data after the visually determined onset 
of the V&O2 slow component. This approach therefore avoids any possible influence of 
arbitrarily parameterizing the slow component. The onset of the V&O2 slow component was 
determined using purpose designed LabVIEW software which iteratively fits a mono-
exponential function to the V&O2 data until the window encompasses the entire response. 
The resulting phase II time constants are plotted against time and the onset of the V&O2 slow 
component identified as the point at which the phase II time constant consistently deviates 
from the previously “flat” profile (Rossiter et al. 2001). The amplitude of the V&O2 slow 
component was subsequently determined by calculating the difference between the end 
exercise V&O2 and the primary amplitude plus baseline V&O2. This was expressed both in 
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absolute terms and relative to end exercise V&O2. The functional gain of the primary V&O2 
response was also calculated by dividing the primary phase amplitude by the change in 
work rate. 
 
6.2.6 [HHb] & HR Kinetics Analysis 
 
The [HHb] and HR responses to exercise were also modelled. The responses to each 
transition were interpolated to 1 s intervals, time aligned and averaged to produce a single 
data set. The resulting [HHb] response was fitted with a mono-exponential with a time 
delay (Eq. 6.1) whereas the HR response was modelled by a mono-exponential without a 
time delay (Eq. 6.2). For both responses the fitting window started at t = 0 and was 
constrained to the onset of the “slow component”.  
 ( ))/(1)( 11 τtt eAHR −−⋅=∆    (Eq. 6.2) 
 
where ∆HR is the increase in heart rate at time t above the baseline (calculated as the mean 
heart rate from the first 45 s of the last minute of baseline pedalling), and A1 and τ1 are the 
primary component amplitude and time constant, respectively. The [HHb] time delay (TD) 
and τ were summed, giving the [HHb] mean response time (MRT), which provides 
information on the overall [HHb] response over the fundamental phase of the response. 
 
6.2.7 Statistics 
 
The allometric relationship between body mass and peak V&O2 was determined using 
analysis of covariance (ANCOVA) on log transformed data (Welsman & Armstrong, 
2000). From the values of the regression slopes (allometric exponents) confirmed as 
common to all groups, power function ratios (Y/Xb) were computed. Following 
identification of a normal distribution, homogenous variation and an absence of skewness 
or kurtosis a two way ANOVA with repeated measures was used to analyse training status 
and exercise mode effects. Subsequent independent or paired samples t-tests with a 
Bonferonni correction were employed as appropriate to identify the location of significant 
effects. Pearson product-moment correlation coefficients were used to assess the strength of 
113 
 
relationships between variables. All data are presented as means ± SD. Statistical 
significance was accepted when P < 0.05.  
 
6.3 Results 
 
The physiological responses to ramp incremental exercise on the cycle and upper body 
ergometers are summarised in Table 6.2. The T girls demonstrated significantly higher 
absolute (d = 2.07 and 2.28 for cycle and upper body exercise, respectively) and relative 
peak V&O2 for both exercise modalities (d = 3.24 and 2.08 for cycle and upper body 
exercise, respectively). Allometric scaling did not alter the difference in peak V&O2 between 
T and UT girls for either exercise modality. Similarly, peak work rate was significantly 
higher in the T girls for both cycle (d = 1.98) and upper body ergometry (d = 2.59). Peak 
heart rate and the fraction of peak V&O2 at which the GET occurred were not affected by 
training status. Cycle ergometry elicited significantly higher response values compared to 
upper body ergometry, with the exception of peak heart rate and the fraction of peak V&O2 at 
which the GET occurred. The difference between T and UT girls peak V&O2 was less during 
cycle (~24% higher in T) than during upper body (~32% higher in T) ergometry.  
 
Table 6.2 Peak physiological responses to exercise on a cycle and upper body ergometer in 
trained and untrained girls 
 Cycle Ergometry Upper body Ergometry 
 Trained Untrained Trained Untrained 
Peak V& O2 (L·min-1) 2.51 ± 0.27 1.98 ± 0.26 * 1.88 ± 0.26  # 1.36 ± 0.21 * # 
Peak V& O2 (mL·kg-1·min-1) 46.6 ± 5.0 34.5 ± 2.2 * 35.0 ± 6.0 # 24.0 ± 4.9 *# 
Peak HR (b·min-1) 194 ± 5 196 ± 6 186 ± 10 180 ± 15 
Peak blood [lactate] (mM) 7.8 ± 1.5 6.5 ± 2.1 5.1 ± 1.8 5.4 ± 2.1 
Peak WR (W) 227 ± 23 180 ± 26 * 99 ± 9 # 71 ± 13 * # 
GET (L·min-1) 1.51 ± 0.23 1.12 ± 0.26 1.00 ± 0.29 # 0.69 ± 0.29 # 
GET (% peak V& O2) 60 ± 5 62 ± 4 53 ± 10 56 ± 12 
Values are mean ± SD.  V& O2, oxygen uptake; HR, heart rate; blood [lactate], blood lactate concentration; WR, work rate; GET, gas 
exchange threshold. N = 8 
* Significant difference between trained and untrained children within an exercise modality (P < 0.01) 
# Significant difference between modes within trained or untrained children (P < 0.01) 
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6.3.1 V&O2 kinetics 
 
The parameters determined from the monoexponential modelling revealed a significant 
influence of training status on the V&O2 kinetics, as presented in Table 6.3 and illustrated in 
Figure 6.1. Specifically, the phase II τ was significantly lower and the phase II amplitude 
significantly greater in the trained girls during both cycle (τ: d = 1.64; amplitude: d = 1.84) 
and upper body ergometry (τ: d = 1.94; amplitude: d = 2.65). The V&O2 slow component 
response was not affected by training status for either exercise modality. The temporal 
aspects of the V&O2 response were not affected by exercise modality in contrast to the 
amplitude related parameters, such as the baseline V&O2, phase II amplitude and end-
exercise V&O2, which were significantly higher during cycle ergometry. Exercise modality 
also influenced the primary gain, with upper body ergometry associated with a higher O2 
cost per watt compared to cycle ergometry. A significant correlation was evident between 
the phase II τ during cycle and upper body ergometry (r = 0.57; P < 0.05). 
 
Table 6.3 Oxygen uptake kinetics and blood [lactate] during heavy-intensity exercise on a 
cycle and upper body ergometer in trained and untrained girls 
 Cycle Ergometry Upper Body Ergometry 
 Trained Untrained Trained Untrained 
Baseline V&O2 (L·min-1) 0.58 ± 0.09
 0.64 ± 0.10 0.36 ± 0.05 # 0.42 ± 0.07 # 
Phase II time delay (s) 12 ± 3 10 ± 4 13 ± 4 9 ± 6 
Phase II τ (s)   21 ± 6 35 ± 11 * 29 ± 8 44 ± 8 * 
95% confidence interval (s) 2 ± 0 3 ± 0 2 ± 0 4 ± 0 
Phase II amplitude (L·min-1) 1.33 ± 0.24 0.92 ± 0.22 * 0.86 ± 0.13  # 0.50 ± 0.15* # 
Phase II gain (mLO2·min-1·W-1) 9.3 ± 0.7 8.2 ± 1.0 13.1 ± 1.3 # 12.1 ± 1.9 # 
Slow component amplitude (L·min-1) 0.12 ± 0.10 0.14 ± 0.10 0.07 ± 0.05 0.08 ± 0.06 # 
Slow component amplitude (% end) 8 ± 4 14 ± 8 7 ± 4 13 ± 10 
End-exercise V&O2 (L·min-1) 2.03 ± 0.29
 1.71 ± 0.26 1.29 ± 0.15 # 1.00 ± 0.20  *  # 
R2 0.94 0.90 0.95 0.88 
Blood [lactate] (mM) 3.5 ± 0.5 5.6 ± 1.0 * 2.9 ± 0.7 4.0 ± 1.0 
Values are mean ± SD. V& O2, oxygen uptake; τ, time constant; blood [lactate], blood lactate concentration. N = 8 
* Significant difference between trained and untrained children within an exercise modality (P < 0.01) 
# Significant difference between modes within trained or untrained children (P < 0.01) 
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Figure 6.1 Pulmonary oxygen uptake response to a step increment in work rate from an 
unloaded baseline to a heavy intensity work rate (40%∆) in a representative trained (closed 
circles) and untrained participant (open circles) during A) cycle and B) upper body 
exercise. The data are expressed as a percentage of the end exercise amplitude. The trained 
girl’s data are shown as closed circles and the untrained girl’s data are shown as open 
circles. The solid and dashed lines represent the mono-exponential model fit to the data. 
Note the faster τ in the trained participant during both exercise modes. For clarity, data are 
displayed as 5-s bin averages 
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6.3.2 [HHb] kinetics 
 
The [HHb] kinetics, summarised in Table 6.4 and illustrated in Figure 6.2, were influenced 
by training status, with the τ (d = 1.85 and 1.54 for cycle and upper body exercise, 
respectively) and MRT (d = 1.78 and 1.37 for cycle and upper body exercise, respectively) 
being significantly shorter in the trained participants irrespective of exercise modality. The 
influence of exercise modality was limited, with the only difference being the shorter 
[HHb] time delay and greater amplitude during upper body ergometry. 
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Table 6.4 Deoxyhemoglobin kinetics during heavy intensity exercise on a cycle and upper 
body ergometer in trained and untrained girls. 
 Cycle Ergometry Upper Body Ergometry 
 Trained Untrained Trained Untrained 
[HHb] TD (s) 6 ± 2 7 ± 2 3 ± 1 # 3 ± 2 # 
[HHb] τ (s) 12 ± 2 20 ± 6 * 13 ± 3 21 ± 7 * 
95% confidence interval (s)  3 ±  0  2 ± 1  2 ± 1 2 ± 1 
[HHb] MRT (s) 17 ± 2 27 ± 8 * 16 ± 3  24 ± 8 * 
[HHb] Amplitude (AU) 71 ± 57 102 ± 59 166 ± 108 # 200 ± 114 # 
Values are mean ± SD. [HHb], deoxyhemoglobin/myoblobin; τ, time constant; MRT, mean response time. N = 8 
* Significant difference between trained and untrained children within an exercise modality (P < 0.01) 
# Significant difference between modes within trained or untrained children (P < 0.01) 
 
Figure 6.2 Deoxyhemoglobin response to a step increment in work rate from an unloaded 
baseline to a heavy intensity work rate (40%∆) in a representative trained (closed circles) 
and untrained participant (open circles) during A) cycle and B) upper body exercise. Data 
are expressed as a percentage of the primary phase amplitude, in 5-s bin averages. The solid 
and dashed lines represent the mono-exponential model fit to the data.   
 
 
 
 
 
 
 
 
 
 
 
 
 
6.3.3 Heart Rate Kinetics 
 
The HR kinetics, summarised in Table 6.5 and shown in Figure 6.3, were significantly 
affected by training status: both a lower baseline (d = 2.40 and 1.91 for cycle and upper 
body exercise, respectively) and a shorter τ (d = 2.42 and 4.47 for cycle and upper body 
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exercise, respectively) were evident in the trained girls. The trained status was also 
associated with a larger HR amplitude during upper body ergometry (d
 
= 1.6). Exercise 
modality influenced the amplitude but not the kinetics of the HR response, with a greater 
amplitude and a higher baseline combining to elicit a significantly higher end exercise HR 
during cycle ergometry. The HR τ during cycle and upper body exercise were significantly 
correlated (r = 0.69; P < 0.01). 
 
Table 6.5 Heart rate kinetics during heavy-intensity exercise on a cycle and upper body 
ergometer in trained and untrained girls 
 Cycle Ergometry Upper Body Ergometry 
 Trained Untrained Trained Untrained 
HR baseline (b·min-1) 93 ± 8 114 ± 10 * 87 ± 6 99 ± 7 * # 
HR τ (s) 36 ± 5 53 ± 9 * 32 ± 3 43 ± 2 * 
95% confidence interval (s)  1 ±  0  2 ± 1  1 ± 1 2 ± 1 
HR amplitude (b·min-1) 65 ± 9 58 ± 6 58 ± 9  37 ± 17 * # 
End-exercise HR (b·min-1) 170 ± 13 182 ± 10 159 ± 16 147 ± 17 # 
Values are mean ± SD.  HR, heart rate; τ, time constant. N = 8 
* Significant difference between trained and untrained children within an exercise modality (P < 0.01) 
# Significant difference between modes within trained or untrained children (P < 0.01) 
 
Figure 6.3 Heart rate response to a step increment in work rate from an unloaded baseline 
to a heavy intensity work rate (40%∆) in a representative trained (closed circles) and 
untrained participant (open circles) during A) cycle and B) upper body exercise. Data are 
expressed as a percentage of the end exercise amplitude, in 5-s bin averages . The solid and 
dashed lines represent the mono-exponential model fit. 
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6.4 Discussion 
 
This study is the first to investigate the influence of training status and exercise modality on 
the V&O2, HR and [HHb] kinetics of pubertal girls. Additionally, this is the first study to 
report the influence of training status in adolescents on V&O2 kinetics during heavy intensity 
exercise. Consistent with our hypotheses, training status significantly influenced the V&O2, 
HR and [HHb] kinetics. Specifically, in response to the transition to a heavy-intensity work 
rate, trained girls exhibited a smaller phase II V&O2 τ, HR τ and [HHb] τ (i.e. faster kinetics) 
although there was no difference in the relative magnitude of the V&O2 slow component 
between trained and untrained girls. However, contrary to our hypothesis, the influence of 
training status was equally evident during both upper and lower body exercise. 
 
Prior to discussing the possible physiological mechanisms responsible for the influence of 
training status on the V&O2 kinetics during both exercise modalities, it is important to 
acknowledge the limitations of the current study. The most significant impediment to 
interpretation of the results is the cross-sectional design of this study which precludes the 
attribution of the differences observed to training per se. While the trained girls were most 
certainly “trained” (i.e. 12 hours of swimming training per week for 5 years), the observed 
differences in their responses might also reflect genetic traits which predisposed these 
adolescents to success in swimming.  
 
6.4.1 Ramp Incremental Exercise 
 
The influence of training status was clearly evident in the incremental ramp test responses, 
with the trained girls having a significantly higher peak V&O2 and work rate during both 
cycle and upper body ergometry. Although an influence of training status on peak cycle 
ergometry responses is not a novel finding (Mahon and Vaccaro 1989; Rowland et al. 
1991), the current results contrast previous findings in pre-pubertal girls during upper body 
ergometry (Chapter 5). Indeed, the current cycle ergometry results also contrast those 
reported in pre-pubertal girls in chapter 5. These contradictory results suggest the presence 
of a maturational threshold in the influence of training status on peak V&O2 responses, a 
concept largely attributable to Katch (1983). 
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A higher peak V&O2 in trained children is largely attributable to an enhanced peak cardiac 
output consequent solely to an enhanced stroke volume as peak heart rates do not differ 
(Nottin et al., 2002b; Rowland et al., 2002; Obert et al., 2003). The mechanistic basis of the 
higher peak stroke volume in trained children remains equivocal, with evidence to suggest 
both morphological (Nottin et al., 2004; Ayabakan et al., 2006; Obert et al., 2009; Rowland 
et al., 2009a) and/or functional differences (Rowland et al., 1998). In the current study, the 
trained swimmers’ peak V&O2 was 24% and 32% higher than the untrained girls during 
cycle and upper body ergometry, respectively. This difference is considerably larger than 
the 7-12% difference found in other training studies in adolescents (Mahon & Vaccaro, 
1989; Rowland et al., 1991). This difference likely arises from the longitudinal nature of 
the previous studies and, consequently, the considerably shorter training history of the 
trained populations. Support for this conclusion is provided by other cross-sectional studies 
in pubertal populations which reported a 17-25% difference in peak V&O2 between 
footballers and untrained adolescents during cycle ergometry (Marwood et al., 2010). 
 
The absence of a training status effect on the GET, either in absolute terms or as a fraction 
of peak V&O2, contrasts with previous findings in adolescents (Marwood et al., 2010) and 
adults (Simon et al., 1986; Boone et al., 2008) but agrees with reports in pre-pubertal 
children (Obert et al., 2000; Cleuziou et al., 2002; Chapter 5). The explanation for the 
discrepancy is currently unclear, although it could be related to the lower glycolytic activity 
reported in children and adolescents (Zanconato et al., 1993; Kuno et al., 1995; Taylor et 
al., 1995). When expressed in absolute values, the GET was higher during cycle than upper 
body ergometry, in agreement with previous paediatric (Chapter 5) and adult studies (Davis 
et al., 1976; Koga et al., 1996; Schneider et al., 2002). However, the influence of exercise 
modality was removed when the GET was expressed as a fraction of peak V&O2, as has been 
previously reported (Koga et al., 1996; Schneider et al., 2002; Chapter 5).  
 
6.4.2 Constant-work-rate tests: influence of training status 
 
Training status significantly affected the primary component V&O2 kinetics during cycle 
ergometry, in agreement with previous work in both adolescents (Marwood et al., 2010) 
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and adults (Powers et al., 1985; Koppo et al., 2004; Figueira et al., 2008). Although this 
significant influence on the cycle ergometry response is in contrast to previous findings in 
pre-pubertal children (Obert et al., 2000; Cleuziou et al., 2002; Chapter 5), the significant 
influence of training status on the upper body V&O2 primary component response is in 
agreement with the pre-pubertal literature (Chapter 5). No studies are available in 
adolescents or adults for comparison to the current upper body ergometer results.  
 
The shorter V&O2 τ in the trained swimmers may be related to an enhanced delivery and/or 
fractional extraction of O2. The faster HR τ in trained participants is in agreement with 
previous research in both adolescent (Marwood et al., 2010) and pre-pubertal (Chapter 5) 
populations, although this is the first study to investigate the HR kinetics during heavy 
intensity cycle and upper body ergometry in adolescents. If HR kinetics are accepted to 
provide a crude estimate of muscle blood flow kinetics, as suggested during knee extension 
exercise (MacPhee et al., 2005), these results suggest that bulk O2 delivery to the muscle 
was enhanced in the trained state. This would be consistent with previous studies conducted 
in adult populations reporting faster conduit artery blood flow kinetics and greater vascular 
conductance following training (Shoemaker et al., 1996; Krustrup et al., 2004). However, it 
is important to note that an increased bulk O2 delivery in the trained state does not 
necessarily imply that O2 availability was limiting in the untrained state. Indeed such a 
suggestion seems unlikely given the evidence available in young adults (DeLorey et al., 
2004; Jones et al., 2006; Wilkerson et al., 2006).  
 
Alternatively, the smaller phase II τ may be related to the influence of training status on 
muscle fractional O2 extraction (as reflected by the [HHb] response). Specifically, the 
[HHb] τ and MRT were significantly shorter in trained girls, although the TD was 
unaffected by training status. Whilst the latter finding is in agreement with previous reports, 
the faster τ and MRT observed in the present study is in contrast to the study of Marwood 
et al. (2010) in which the τ and MRT were reported to be unaffected by training status. The 
[HHb] response is generally accepted to reflect fractional O2 extraction at the muscle 
(DeLorey et al., 2003; Grassi et al., 2003; Ferreira et al., 2007); therefore the shorter [HHb] 
τ in the trained swimmers indicates a more rapid increase in O2 extraction towards the new 
steady-state. In adults, a training-induced reduction of the [HHb] τ (Bailey et al., 2009) has 
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been attributed to an enhanced muscle oxidative capacity consequent to an increased 
mitochondrial volume and oxidative enzyme activity (Holloszy, 1967; Mogensen et al., 
2006). Although an increased muscle oxidative capacity has been reported in trained 
children (Eriksson et al., 1973; Fournier et al., 1982), there is insufficient information 
available regarding the effects of training on muscle fibre type and oxidative capacities in 
children and adolescents to allow conclusions to be drawn as to the mechanisms 
responsible for the enhanced O2 extraction kinetics in the trained girls. Therefore, although 
the current results do not permit the complete elucidation of the factors limiting V&O2 
kinetics in adolescents, it is likely that the faster V&O2 kinetics in the trained girls are a 
function of both a faster O2 delivery and greater O2 extraction, as similarly concluded in 
adults (Jones & Koppo, 2005; Poole et al., 2008a; McKay et al., 2009). 
 
The influence of training status was isolated to the primary component, with no influence 
evident on the amplitude of the slow component during either exercise modality whether 
expressed in absolute or relative terms. The absence of a training status influence is in 
agreement with studies in pre-pubertal children (Obert et al., 2000; Cleuziou et al., 2002; 
Chapter 5) but contrasts with the reduction typically seen with training in adults (e.g. 
Powers et al., 1985; Koppo et al., 2004; Bailey et al., 2009). The explanation for this 
seemingly age-related influence of training status on the slow component is not readily 
apparent. However, in light of the putative association between the slow component and 
muscle fibre type recruitment (Poole et al., 1994; Whipp, 1994), future investigations into 
the basis for this age-related effect may benefit from the inclusion of techniques (EMG, 
MRI) to assess differences in muscle activity between trained and untrained populations. 
 
6.4.3 Constant-work-rate tests: influence of exercise modality 
 
The influence of exercise modality on the V&O2, HR and [HHb] kinetics has not previously 
been examined in a pubertal population. One of the most striking features of this study was 
the lack of exercise modality effect on the V&O2 τ, a finding which contrasts with the longer 
phase II τ reported during upper compared to lower body exercise in adults (Koppo et al., 
2002; Schneider et al., 2002). Typically, a longer upper body V&O2 τ is attributed to a lower 
percentage of type I fibres in the upper body musculature (Gollnick et al., 1972; Johnson et 
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al., 1973; Turner et al., 1997) in combination with a decreased perfusion pressure due to a 
reduced “gravitational assist” (Koga et al., 1999; Koppo & Bouckaert, 2005). Since there is 
no evidence to suggest that either of these factors would be different in adolescents 
compared to adults, the explanation for this discrepancy is unclear. Exercise modality did 
not influence the [HHb] or HR τ values, in contrast to the longer HR τ reported in adults 
during upper compared to lower body exercise (Koga et al., 1996; Schneider et al., 2002). 
An explanation for this difference between pubertal and adult populations is not apparent 
from the current results. Exercise modality did, however, influence the [HHb] TD which 
was significantly shorter during upper body ergometry, indicating a reduced period of 
matching of O2 delivery and utilisation. 
 
In contrast to our previous study in pre-pubertal children (Chapter 5), there was no 
interaction between exercise modality and training status in the current study, with the 
influence of training status evident during both exercise modalities. Although conclusions 
are limited by the cross-sectional nature of these studies, it is possible that this difference 
between pre-pubertal and pubertal girls is attributable to the presence of a maturational 
threshold (Katch, 1983) and/or the longer training history and greater training volume 
reported by the pubertal girls. This greater training load may have satisfied the minimum 
threshold stimulus required to elicit significant alterations in the V&O2 kinetic response to 
both lower and upper body ergometry (Berger et al., 2006; Bailey et al., 2009). In contrast, 
the lower training load of the pre-pubertal children may have only surpassed the threshold 
stimulus required for upper body exercise, a threshold which is likely to be reduced relative 
to the respective lower body threshold due to differences in habitual activity.  
 
6.5 Conclusion 
 
In conclusion, training status significantly influenced the physiological responses of 
pubertal girls to both ramp incremental and constant-work-rate tests in two exercise 
modalities. Specifically, the V&O2 kinetics of the trained girls was significantly faster than 
the untrained girls during both upper and lower body exercise. The faster HR and [HHb] 
kinetics in the trained girls may indicate that both central and peripheral factors are 
influenced by training status and contribute to the shorter V&O2 τ in the trained state. These 
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results contrast with the minimal influences generally observed in pre-pubertal populations, 
a difference likely attributable to both a greater stage of maturation and a longer training 
history in adolescents. Unlike pre-pubertal populations, the specificity of the exercise test 
modality to the training modality is not crucial in revealing the influence of training status 
in adolescents 
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Chapter 7 
 
Study 4 - Influence of training and maturity status on the cardiopulmonary responses 
to ramp incremental cycle and upper body exercise in girls 
 
This study has been disseminated as follows: 
 
Publication: McNarry, M.A., Welsman, J.R., & Jones, A.M. (2010). Influence of training 
and maturity status on the cardiopulmonary responses to ramp incremental cycle and upper 
body exercise in girls. Under review with JAP. 
 
7.1 Introduction 
 
More young females train for competitive sport today than ever before (Thompson & 
Baxter-Jones, 2002). However, the influence of training on girls’ physiological responses to 
exercise remains poorly understood, due to a relative lack of research in this population 
compared to adults and boys (Obert et al., 2009). 
 
In pre-pubertal girls, the peak value for pulmonary oxygen uptake (V&O2) is generally 
reported to be increased following training (e.g. Obert et al., 1996; Obert et al., 2009; 
Rowland et al., 2009a), but there are exceptions to these findings (Welsman et al., 1996; 
Welsman et al., 1997; Tolfrey et al., 1998). The only studies that have investigated pubertal 
girls are in direct disagreement, with early studies showing significant improvements in 
relative peak V&O2 (Burkett et al., 1985; Rowland et al., 1991) but a more recent study 
reporting no change (Stoedefalke et al., 2000). The explanation for this discrepancy in 
pubertal girls is unclear but may be related to the pooling of data from boys and girls 
(Rowland et al., 1991), despite the possibility that training status differences are sex-
dependent (Obert et al., 2003), or the inclusion of participants from a wide range of ages 
and maturity stages (Burkett et al., 1985). Alternative explanations include differences in 
the baseline fitness levels of the participants recruited or exercise modalities employed in 
these studies. In the study of Rowland et al. (Rowland et al., 1991) the participants were 
described as predominantly obese, a condition which would be expected to predispose these 
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participants to greater influences of training, especially when peak V&O2 is expressed 
relative to body mass as it was in this study. Alternatively, or additionally, the discrepancy 
between previous studies may be related to a disparity in the training and testing modalities. 
Specifically, a number of studies employed a training regime with one exercise modality, 
yet tested participants using a different modality (Stoedefalke et al., 2000). The issue of test 
specificity is especially pertinent to paediatric studies due to the smaller training-induced 
adaptations compared with adults (Pate & Ward, 1996). An age group in which there is an 
even starker lack of research is the early post-pubertal age group, i.e. 16-18 year old girls. 
Indeed, to our knowledge, there are no studies reporting the influence of training status on 
girls’ physiological responses to exercise in this age group, despite the preponderance of 
this population participating in sport. 
 
An elevated peak V&O2 in trained children has generally been attributed to an enhanced peak 
stroke volume (SV), and consequently peak cardiac output ( Q& ) (Nottin et al., 2002b; 
Rowland et al., 2002; Obert et al., 2003). Such training effects may be associated with 
functional and/or morphological adaptations to the myocardium. Although morphological 
adaptations are more commonly reported (Bianchi et al., 1998; Nottin et al., 2002b; 
Rowland et al., 2009a), evidence of a different SV response pattern in trained children may 
also be indicative of functional myocardial adaptations (Rowland et al., 1998). It is 
pertinent to note that no studies are currently available which have investigated the 
influence of training on the cardiovascular responses to exercise of pubertal girls. 
 
The increased peak V&O2 in trained girls may alternatively be related to an enhanced muscle 
fractional oxygen (O2) extraction. However, no influence of training on peak muscle 
fractional oxygen extraction has been reported in pre-pubertal children (Rowland et al., 
2000; Nottin et al., 2002b; Obert et al., 2003) or pubertal boys (Rowland et al., 2009b). No 
information is available regarding the effects of training on muscle fractional O2 extraction 
during ramp incremental exercise in pubertal girls. In adults, the deoxygenated 
haemoglobin signal ([HHb]) from near-infrared spectroscopy (NIRS), which appears to 
reflect muscle fractional O2 extraction (e.g. DeLorey et al., 2003; Grassi et al., 2003), has 
been shown to be influenced by training status, demonstrating a rightward shift during 
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incremental exercise in trained adults (Boone et al., 2009). It has been suggested that this is 
indicative of differences in muscle O2 delivery and/or muscle fibre type distribution (8).  
 
The interaction between the influence of training status and sexual maturity remains largely 
unknown, although a relationship may be expected due to the more favourable hormonal 
milieu present beyond puberty (Zakas et al., 1994; Daly et al., 1998; Tsolakis et al., 2003). 
The presence of a “golden period” or maturational threshold has been discussed for nearly 
30 years without resolution (Katch, 1983), with some studies suggesting that the influence 
of training increases with sexual maturity (Kobayashi et al., 1978; Mirwald et al., 1981; 
Ostojic et al., 2009) and others reporting no relationship between the two variables (Weber 
et al., 1976; Danis et al., 2003).  
 
The purpose of the present cross-sectional study was to investigate the influence of, and 
interaction between, training status and sexual maturity on the cardiopulmonary and 
metabolic responses to ramp incremental exercise in intensively swimming-trained and 
untrained girls. Since swimming has been considered to be a predominantly upper body 
exercise, two exercise modalities, one upper (arm crank) and one lower body (cycle), were 
used to address concerns regarding the commonality of muscles stressed during training 
and testing. We hypothesized that significantly higher peak values would be evident in the 
trained girls’ pulmonary gas exchange and cardiovascular responses in all three maturity 
groups Further, we hypothesised that the trained girls would exhibit altered SV and [HHb] 
response patterns to incremental exercise: specifically that the SV response would be more 
linear and the [HHb] response shifted to the right relative to untrained girls. Finally, we 
hypothesised that the magnitude of difference between trained and untrained girls would 
increase with increasing maturity and be larger during upper than lower body exercise.  
 
7.2 Methods 
 
7.2.1 Participants and anthropometry 
 
In total, 21 (11 trained and 10 untrained) pre-pubertal, 30 (14 trained and 16 untrained) 
pubertal, and 18 (8 trained and 10 untrained) post-pubertal girls participated in this study. 
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The pre-pubertal and pubertal trained girls (T) were competing at British regional or 
national level, with the majority of the post-pubertal girls competing at international level. 
The pre-pubertal girls had been training for a mean of 2.5 ± 1 years and reported a mean 
training volume of 14 ± 3 hours/week. The pubertal and post-pubertal girls had been 
training 5 ± 1.5 years and 8 ± 2 years, respectively, with training volumes of 18 ± 4 and 22 
± 3 hours/week respectively. All the trained girls trained and competed throughout the 
swimming season, which runs ~50 weeks a year. The age-matched UT girls were 
volunteers from local schools who reported little regular physical activity and limited 
recreational sports participation. Sexual maturity was assessed by self-report using the 
indices of pubic hair described by Tanner (Tanner, 1962).  
 
An anthropometrical evaluation was performed before the first test for all participants. 
Standing and seated height were measured to 0.1 cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK) and body mass determined using Avery beam balance scales to 0.05 
kg (Avery, Birmingham, UK). Skinfold thickness was assessed three times at five sites 
around the body (bicep, triceps, subscapular, supra-iliac crest and thigh) by the same 
researcher for all participants using Harpenden callipers (Baty International, Burgess Hill, 
UK), accurate to the nearest 0.2mm. The mean of the three measurements was taken. 
Percentage body fat was subsequently estimated based on the equations of Slaughter et al. 
(1988). 
 
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at 
least 3 hours postprandial and to refrain from consuming caffeinated drinks in the 6 hours 
prior to testing. The methods employed during this study were approved by the institutional 
research ethics committee and all participants and their parents/guardians gave written 
informed consent and assent, respectively. 
 
7.2.2 Experimental procedures 
 
Each participant completed two ramp incremental tests to volitional exhaustion on separate 
days, one on a cycle ergometer (Lode Excalibur Sport, Netherlands) and one on an upper 
body ergometer (Lode Angio, Netherlands). Prior to each test, the handle bar height, seat 
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height and crank length (cycle ergometer) and the seat height and distance (upper body 
ergometer), were adjusted to suit each child. 
 
After a 3 minute warm up, the resistance increased at a pre-determined rate to attain a test 
duration of 8-12 minutes. The rate for cycle ergometry was 15 W·min-1, 20 W·min-1 or 25 
W·min-1 for pre-pubertal, pubertal and post-pubertal girls, respectively, and 6 W·min-1, 10 
W·min-1 or 14 W·min-1, respectively, for the upper body ergometry. Throughout the tests, 
the girls were instructed to maintain a cadence of 70 and 50 rpm for the cycle and upper 
body ergometers, respectively. Peak efforts were considered to have been given if, in 
addition to subjective indications such as sweating, hyperpnea and facial flushing, there 
was a consistent reduction in cadence despite strong verbal encouragement. 
 
7.2.3 Experimental measures 
 
Throughout each test, gas exchange variables (Metalyser 3B Cortex, Biophysik, Leipzig, 
Germany) and heart rate (Polar S610, Polar Electro Oy, Kempele, Finland) were measured 
on a breath-by-breath basis and displayed online. Prior to each test, the gas analyzers were 
calibrated using gases of known concentration and the turbine volume transducer was 
calibrated using a 3-litre syringe (Hans Rudolph, Kansas City, MO). The delay in the 
capillary gas transit and analyzer rise time were accounted for relative to the volume signal, 
thereby time aligning the concentration and volume signals.  
 
Cardiac output and stroke volume were determined non-invasively throughout the exercise 
test using a thoracic bioelectrical impedance device (PhysioFlow, PF-05 Lab1, Manatec 
Biomedical, France), previously validated in both adult (Charloux et al., 2000; Richard et 
al., 2001) and paediatric populations (Welsman et al., 2005). Whilst the device has not 
previously been used during upper body exercise, it has been validated in a wide range of 
populations from healthy to diseased participants, during a number of perturbations and 
irrespective of electrode placement, therefore we do not perceive any issues with its 
application to upper body exercise. The electrodes were positioned on the forehead, neck, 
xiphoid process and on the left hand side lower ribs, avoiding the abdominal muscles, as 
suggested to be appropriate for young participants (Welsman et al., 2005). Prior to testing, 
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blood pressure was measured by the same researcher in triplicate using a manual 
sphygmomanometer with the participant seated at rest. The mean systolic/diastolic blood 
pressure was entered into the Physioflow following auto-calibration which was conducted 
with the participant seated at rest on the ergometer. 
 
Additionally, the oxygenation status of the right m. vastus lateralis (cycle) or right m. tricep 
brachii (upper body) was monitored using a commercially available near-infrared system 
(Portamon, Artinis Medical Systems, The Netherlands). This system consists of an 
emission probe which has three light sources and emits 2 wavelengths of light (760 and 850 
nm) and a photon detector. The intensity of incident and transmitted light was recorded 
continuously at 10 Hz and used to estimate the concentration changes relative to baseline 
levels for oxygenated, deoxygenated and total haemoglobin. The [HHb] was used as an 
indicator of O2 extraction within the field of interrogation (DeLorey et al., 2003; Grassi et 
al., 2003; Ferreira et al., 2007). The contribution of myoglobin to the NIRS signal is 
currently unresolved (Seiyama et al., 1988; Masuda et al., 2010). Therefore, the [HHb] 
signal described throughout this paper should be considered to refer to the combined 
concentration of both deoxygenated haemoglobin and myoglobin. The muscle was initially 
cleaned and the portable probe strapped to the skin at the midpoint of the muscle using 
physiotherapists’ tape (Kinesio Tex Gold). To ensure the device remained stationary during 
exercise and to minimize the interference of extraneous light with the near-infrared signal, a 
bandage was wrapped around the arm/leg, enclosing the probe.  
 
7.2.4 Data Analysis 
 
The gas exchange data were interpolated to 1-s intervals and peak V&O2 was taken as the 
highest 10-s stationary average during the test. The gas exchange threshold (GET) was 
determined by the V-slope method (Beaver et al., 1986) as the point at which carbon 
dioxide production began to increase disproportionately to V&O2 as identified using purpose 
designed software developed using LabVIEW (National Instruments, Newbury, UK). The 
kinetics of the initial V&O2 adjustment to the ramp incremental test were also analyzed by 
determination of the mean response time (MRT). This was calculated as the time from the 
onset of the ramp forcing function to the intersection point between the baseline V&O2 and a 
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backwards extrapolation of the slope of V&O2 as a function of time, as illustrated in figure 
7.1. The baseline V&O2 was defined as the average V&O2 during the last minute of unloaded 
pedalling prior to the onset of the ramp function.  
 
 
Figure 7.1 Graphic illustration of the method used to determine the mean response time 
(MRT). The solid line represents the ramp incremental increase in power output and the 
closed circles represent the V&O2 response. Reproduced from Barstow et el. (2000). 
 
Peak stroke volume and cardiac output were taken as the highest 15-s mean value measured 
during the test. The peak 2Ov-a difference was estimated by rearrangement of the Fick 
equation:
 
Peak 2Ov-a difference = peak V&O2/ peak Q&
  
 (Eq. 7.1) 
 
To identify the most appropriate model fit describing the cardiovascular variables as a 
function of percentage peak V&O2, the linear relationship (Y = a + bX) was compared to the 
general quadratic relationship (Y = a + bX + c(X)2) using least-squares and maximum 
likelihood estimation for linear and non-linear regression, respectively (Graphpad Prism, 
Graphpad Software, San Diego, CA). The best fitting model was determined on the basis of 
the R2 values, the residual sum of squares and the F-value.  
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The most suitable model to describe the [HHb] response was determined by comparing the 
sigmoidal model (Y=a/(1+exp-(-c+dx)), where a represents the baseline corrected amplitude 
and c is a constant dependent upon d (the slope of the sigmoid) whereby c/d reveals the x 
value that yields 50% of the total amplitude, to a hyperbolic model (Y = ax / (b+x), where a 
is the asymptotic value and b is the x-value corresponding to 50% of the response 
amplitude (Boone et al., 2009, 2010). Curve fitting was conducted using the [HHb] 
response normalized to the end exercise amplitude as a function of percentage peak power. 
The best fitting model was determined on the basis of the R2 values, the residual sum of 
squares and the F-value. 
 
The influence of body size was accounted for using analysis of covariance (ANCOVA) on 
log transformed data to determine the allometric relationship between body mass and peak 
V&O2 and between body surface area and peak SV and Q&
 
(Welsman & Armstrong, 2000). 
Common allometric exponents were confirmed for all groups and power function ratios 
(Y/Xb) were computed. Body surface area was calculated according to the equations of 
Haycock et al. (1978). 
 
Following identification of a normal distribution, homogenous variation and an absence of 
skewness or kurtosis a two way ANOVA with repeated measures was used to analyze 
training status and exercise modality effects. Subsequent independent or paired samples t-
tests with a Bonferroni correction were employed as appropriate to identify the location of 
significant effects. The interaction of training status and sexual maturity status was 
investigated for those parameters influenced by training status using a factorial ANOVA. 
Pearson product-moment correlation coefficients were used to assess the strength of 
relationships between variables. All data are presented as means ± SD. Statistical 
significance was accepted when P<0.05. 
 
7.3 Results 
 
Anthropometric characteristics were similar for the trained and untrained girls within each 
sexual maturity group (Table 7.1). The age and stature of the girls in each maturity group 
was significantly higher relative to the younger group. All the girls in the pre-pubertal 
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group were characterized as Tanner stage 1, whilst the pubertal girls were stages 3 and 4, 
and the post-pubertal girls were stage 5.  
 
Table 7.1 Participants’ anthropometric characteristics 
 Pre-pubertal Pubertal Post-pubertal 
 Trained  
N = 11 
Untrained 
N = 10 
Trained 
N = 14 
Untrained 
N = 16 
Trained 
N = 8 
Untrained 
N = 10 
Age (y) 11.4 ± 1.0 11.9 ± 0.9 14.4 ± 0.8 * 14.2 ± 0.6 * 16.6 ± 0.6 *# 16.9 ± 0.8 *# 
Stature (m) 1.48 ± 0.07 1.50 ± 0.06 1.64 ± 0.07 * 1.60 ± 0.06 * 1.67 ± 0.4 #  1.69 ± 0.6 *# 
Mass (kg) 44.3 ± 3.8 43.6 ± 6.6 55.4 ± 6.0 * 54.9 ± 7.0 * 59.4 ± 7.6 # 61.2 ± 6.2 # 
Sum of skinfolds (mm) 65.9 ± 14.9 59.2 ± 13.2 60.0 ± 16.8 67.3 ± 18.6 54.3 ± 16.5 69.8 ± 32.3 
Percentage body fat 26.3 ± 7.2 25.3 ± 5.9 27.4 ± 9.8 31.3 ± 9.0 23.8 ± 11.3 26.9 ± 9.4 
Values are mean ± S.D. 
*  Significant difference relative to previous maturity stage within trained or untrained girls (P<0.01). 
# Significant difference between pre- and post-pubertal girls (P<0.01). 
 
7.3.1 Effects of training 
 
The differing ramp rates between maturity stages resulted in similar total test durations in 
both trained and untrained girls during cycle (T: Pre, 11.5 ± 1.9 vs. Pub, 13.5 ± 2.1 vs. 
Post, 12.3 ± 2.0 min; UT: Pre: 9.7 ± 1.4 vs. Pub, 9.5 ± 1.6 vs. Post, 9.2 ± 1.8 min; all 
P>0.05) and upper body ergometry (T: Pre, 10.1 ± 2.0 vs. Pub, 12.8 ± 1.6 vs. Post,  9.8 
± 1.5 min; UT: Pre: 9.8 ± 2.1 vs. Pub, 8.3 ± 1.6 vs. Post, 8.4 ± 1.0 min; all P>0.05). 
 
As shown in Table 7.2, peak V&O2 was significantly higher in the trained girls in all three 
maturity groups for both exercise modalities (d; cycle: Pre, 1.96; Pub, 1.78; Post, 1.76; 
upper: Pre, 1.07, Pub, 1.67, Post, 2.68). These differences existed when either ratio or 
allometric scaling was applied. In contrast, the influence of training status on the GET was 
dependent on the method of expression. When expressed as absolute V&O2, the GET was 
higher in the trained girls in all maturity groups during both cycle and upper body 
ergometry. However, when expressed as a fraction of peak V&O2, the differences were no 
longer significant, with the exception of the pre-pubertal maturity group where a 
significantly higher GET was still present in the trained girls. Further influences of training 
133 
 
status were evident in the shorter MRT for both exercise modalities for all maturity groups 
(d; cycle: Pre, 1.49; Pub, 2.30; Post, 2.11; upper: Pre, 2.02, Pub, 2.30, Post, 1.91).  
 
Table 7.2 Peak pulmonary gas exchange parameters for ramp incremental exercise on a cycle 
and upper body ergometer in trained and untrained girls according to sexual maturity status 
 Pre-pubertal Pubertal Post-pubertal 
 Trained 
N = 11 
Untrained 
N = 10 
Trained 
N = 14 
Untrained 
N = 16 
Trained 
N = 8 
Untrained 
N = 10 
Cycle ergometry 
Peak V& O2 (L·min-1) 2.11 ± 0.14 1.74 ± 0.24 * 2.54 ± 0.33 # 1.99 ± 0.30 * 2.85 ± 0.27 † 2.35 ± 0.31 *† 
Peak V& O2 (mL·kg-1·min-1) 49.1 ± 4.7 40.1 ± 3.9 * 46.0 ± 5.3 36.3 ± 3.8 * 48.4 ± 4.9 38.7 ± 7.6 * 
Peak RER 1.10 ± 0.08 1.12 ± 0.10 1.23 ± 0.08 1.19 ± 0.07 1.27 ± 0.15 1.19 ± 0.10 
GET (L·min-1) 1.14 ± 0.13 0.92 ± 0.15 * 1.35 ± 0.10 # 1.09 ± 0.18 * 1.63 ± 0.25 † 1.31 ± 0.24 *† 
GET (% peak V& O2) 53 ± 6 53 ± 6 54 ± 8 56 ± 5 57 ± 8 56 ± 8 
MRT (s) 35 ± 14 56 ± 15 * 29 ± 9 56 ± 14 * 25 ± 5 49 ± 15 * 
Upper body ergometry 
Peak V& O2 (L·min-1) 1.60 ± 0.14 1.38 ± 0.27 * 2.00 ± 0.30 # 1.55 ± 0.25 * 2.30 ± 0.15 † 1.66 ± 0.30 * 
Peak V& O2 (mL·kg-1·min-1) 36.8 ± 5.8 31.7 ± 4.5 * 36.2 ± 5.4 28.3 ± 5.1 * 39.1 ± 3.4 27.5 ± 6.8 * 
Peak RER 1.04 ± 0.09 0.99 ± 0.08 1.14 ± 0.11 1.11 ± 0.07 1.14 ± 0.15 1.16 ± 0.06 
GET (L·min-1) 0.90 ± 0.14 0.65 ± 0.11 * 1.04 ± 0.20 0.74 ± 0.19 * 1.17 ± 0.18 † 0.82 ± 0.23 * 
GET (% peak V& O2) 57 ± 4 48 ± 5 * 52 ± 7 48 ± 11 51 ± 7 49 ± 9 
MRT (s) 33 ± 10 66 ± 22 * 33 ± 11 55 ± 12 * 31 ± 7 51 ± 13 * 
Values are mean ± S.D . V& O2, oxygen uptake; RER, respiratory exchange ratio; gas exchange threshold; MRT, mean response time. 
* Significant difference between trained and untrained girls within an exercise modality and maturity group (P<0.0 
# Significant difference relative to previous maturity group within trained or untrained girls (P<0.01) 
† Significant difference between pre- and post-pubertal girls within trained or untrained children (P<0.01) 
 
The estimated peak 2Ov-a difference was not influenced by training status for either 
exercise modality in the pre-pubertal or pubertal girls or during cycle ergometry in post-
pubertal girls. However, a higher peak Q&
 
was observed in the trained girls and this reached 
significance in both the pubertal and post-pubertal girls (d; cycle: Pre, 0.6; Pub, 1.06; Post, 
1.43; upper: Pre, 0.64, Pub, 1.18, Post, 1.55). An elevated Q&
 
may be attributable solely to 
an increased peak SV in the trained girls during both cycle (d = Pre, 0.59; Pub, 1.1, Post, 
1.53) and upper body ergometry (d = Pre, 0.51; Pub, 0.94, Post, 1.71) as peak HR was not 
influenced by training status, as summarized in Table 7.3. 
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Table 7.3 Peak cardiovascular parameters for ramp incremental exercise on a cycle and 
upper body ergometer in trained and untrained girls according to sexual maturity status 
 Pre-pubertal Pubertal Post-pubertal 
 Trained 
N = 11 
Untrained 
N = 10 
Trained 
N = 14 
Untrained 
N = 16 
Trained 
N = 8 
Untrained 
N = 10 
Cycle ergometry 
Peak Q& (L·min-1) 16.4 ± 2.7 14.8 ± 2.8 20.9 ± 3.1 # 17.5 ± 3.4 * 21.3 ± 3.9 † 17.1 ± 2.1 * 
Peak Q&  (L·min-1·m-2) 12.4 ± 2.0 11.1 ± 2.5 13.2 ± 2.1 11.1 ± 1.7 * 12.8 ± 1.8 10.1 ± 1.4 * 
Peak SV (mL) 84 ± 13 76 ± 15 110 ± 17 # 91 ± 18 * 115 ± 9 † 98 ± 13*† 
Peak SV (mL·m-2) 63 ± 9 57 ± 13 69 ± 12 58 ±10 * 70 ± 7 58 ± 8 * 
Peak HR (b·min-1) 197 ± 9 195 ± 7 194 ± 8 192 ± 8 189 ± 7 190 ± 11 
Peak 2Ov-a diff (mL·dL-1) 13.1 ± 2.3 12.2 ± 2.9 12.8 ± 2.3 11.7 ± 2.4 13.9 ± 2.5 12.6 ± 2.5 
Upper body ergometry 
Peak Q&  (L·min-1) 16.3 ± 3.6 14.3 ± 2.7 19.7 ± 3.7 15.4 ± 3.7 * 22.0 ± 3.0 † 18.2 ± 2.1 *† 
Peak Q&  (L·min-1·m-2) 11.9 ± 2.2 10.7 ± 2.5 12.5 ± 2.5 9.7 ± 1.8 * 13.4 ± 2.4 10.8 ± 1.4 * 
Peak SV (mL) 87 ± 18 79 ± 14 108 ± 19 # 89 ± 22 * 124 ± 18 † 100 ± 11 *† 
Peak SV (mL·m-2) 64 ± 12 59 ± 13 68 ± 12 56 ± 10 * 74 ± 12 59 ± 8 * 
Peak HR (b·min-1) 177 ± 16  180 ± 18 181 ± 12 180 ± 16 175 ± 12 170 ± 15 
Peak 2Ov-a diff (mL·dL-1) 10.3 ± 1.7 9.9 ± 2.5 10.7 ± 2.7 10.2 ± 2.9 11.0 ± 2.3 8.6 ± 1.2 
* 
Values are mean ± S.D. Q& , cardiac output; SV, stroke volume; HR, heart rate; 2Ov-a diff, arterial-venous oxygen difference 
* Significant difference between trained and untrained girls within an exercise modality and maturity group (P<0.01) 
# Significant difference relative to previous maturity group within trained or untrained girls (P<0.01) 
† Significant difference between pre- and post-pubertal girls within trained or untrained children (P<0.01) 
 
The SV and [HHb] response patterns were influenced by training status in all maturity 
groups, with SV demonstrating a linear response in trained girls (cycle: Pre, 100%, R2 = 
0.73,  Pub, 86%, R2 = 0.87, Post, 100%, R2 = 0.85; upper body: Pre, 75%, R2 = 0.69, Pub, 
92%, R2 = 0.80, Post, 100%, R2 = 0.83) compared to a curvilinear response in untrained 
girls (cycle: Pre, 80%, R2 = 0.81, Pub, 93%, R2 = 0.79, Post, 90%, R2 = 0.77; upper body: 
Pre, 80%, R2 = 0.70, Pub, 93%, R2 = 0.77, Post, 88%, R2 = 0.75) (Figure 7.2). The response 
pattern was not influenced by the method of expressing SV, therefore absolute values are 
presented. The response pattern was also not influenced by maturity status or exercise 
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modality, therefore the SV response illustrated in Figure 7.2 is representative of all 
participants during both exercise modalities.  
 
Figure 7.2 The stroke volume response pattern for a representative trained and untrained 
girl during cycle ergometry (see text for details). The trained girls are represented by the 
closed circles and solid line whilst the untrained girls are shown by the open circles and 
dashed line. 
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The sigmoidal model was accepted as a superior fit of the [HHb] data based on higher R2 
values (cycle: Pre T, 0.86, Pre UT, 0.91, Pub T, 0.92, Pub UT, 0.94, Post T, 0.96, Post UT, 
0.94; upper body: Pre T, 0.92, Pre UT, 0.94, Pub T, 0.95, Pub UT, 0.94, Post T, 0.96, Post 
UT, 0.96), lower residual sum of squares and an insignificant F-test for all participants 
during both exercise modalities. The influence of training status on the [HHb] response 
manifested as a significant rightward shift of the response, as indicted by
 
the significantly 
higher work rate corresponding to 50% of the [HHb] amplitude (c/d) during both cycle 
(Pre: T, 61 ± 8 vs. UT, 48 ± 9, d = 1.63; Pub: T, 57 ± 8 vs. UT, 49 ± 6, d = 1.22; Post: T, 62 
± 6 vs. UT, 48 ± 11 W, d = 1.60; all P<0.01) and upper body exercise (Pre: T, 50 ± 15 vs. 
UT, 34 ± 11, d = 1.24; Pub: T, 63 ± 15 vs. UT, 50 ± 11, d = 1.02; Post: T, 69 ± 6 vs. UT, 52 
± 10 W, d = 2.12; all P<0.01), as illustrated in Figure 7.3 (neither maturity nor exercise 
modality influenced the response pattern, thus only the response to cycle exercise is 
shown). This rightward shift was correlated with parameters of aerobic fitness in the pre-
pubertal girls during both cycle (peak V&O2: r = 0.63; GET: r = 0.59; both P<0.05) and 
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upper body ergometry (peak V&O2: r = 0.48; GET: r = 0.52; MRT: r = -0.49; both P<0.05) 
and in the post-pubertal girls during cycle ergometry (peak V&O2: r = 0.71; P<0.01). 
 
Figure 7.3 Deoxy [HHb+Mb] response as a function of relative work rate for a 
representative trained (solid circles) and untrained (open circles) girl during cycle 
ergometry. 
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7.3.2 Interaction between maturity and training status 
 
The magnitude of training status differences was similar in all three maturity groups and, 
consequently, neither the pulmonary nor the cardiovascular parameters revealed any 
interaction between training status differences and maturity. A significant interaction 
between training status and maturity was found for peak work rate during both modalities, 
however, with a greater difference between trained and untrained pubertal (cycle: 21%; 
upper body: 24%) and post-pubertal (cycle: 14%; upper body: 28%) girls compared to pre-
pubertal girls (cycle:11%; upper body: 8%). 
 
7.4 Discussion 
 
In agreement with our hypothesis, the main findings of the current study were that a higher 
peak V&O2, Q&  and SV existed in the trained participants in all three maturity groups, 
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although SV and Q&  were only significantly higher in the trained pubertal and post-pubertal 
girls. Interestingly, the stroke volume response pattern was dependent on training status, 
with a linear response in trained girls in comparison to a non-linear response in untrained 
girls (i.e. initial rise followed by a plateau until exhaustion) across all three maturity 
groups. The pattern of the deoxyhemoglobin response was also influenced by training 
status, demonstrating a significant rightward shift in the sigmoidal response in trained 
compared to untrained girls in all three maturity groups. Finally, no interactions between 
the magnitude of training differences and maturity status were evident in the 
cardiopulmonary or metabolic responses to exercise. These findings therefore suggest that 
there is no maturational threshold beyond which training status effects become more 
manifest. 
 
The higher peak V&O2 in the trained girls agrees with some previous studies in pre-pubertal 
(Obert et al., 1996; McManus et al., 1997; Rowland et al., 2009a) and pubertal girls 
(Burkett et al., 1985; Rowland et al., 1991; Chapter 6), but this is the first study to 
investigate the influence of training status on the peak V&O2 in early post-pubertal girls. An 
increased peak V&O2 in trained participants is generally associated with an increased peak 
SV and consequently an increased peak Q&  (Nottin et al., 2002b; Rowland et al., 2002; 
Obert et al., 2003), as we found in the current study for pubertal and post-pubertal girls and 
for which there was a trend in the pre-pubertal girls. Also, in agreement with previous 
studies (Nottin et al., 2002b; Obert et al., 2003; Rowland et al., 2009b), peak HR and 
2Ov-a difference were not influenced by training status (with the exception of post-
pubertal upper body ergometry), suggesting that the increased peak V&O2 was probably 
solely related to an elevated SV and Q& . 
 
The significant influence of training status on the relative GET in pre-pubertal girls 
contrasts previous reports in pre-pubertal children (chapter 5; Obert et al., 2000; Cleuziou 
et al., 2002), whilst the lack training status effect in pubertal girls disagrees with an earlier 
study in adolescents . No studies are available which have specifically investigated the 
influence of training status in post-pubertal girls but the current findings differ from those 
in adults (Simon et al., 1986; Boone et al., 2008). The reason/s for these contradictory 
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results is/are unclear; however, they do not support the concept of a maturational threshold. 
The faster MRT exhibited by the trained girls in all three maturity groups during both 
exercise modalities agrees with studies reporting faster V&O2 kinetics in trained pre-pubertal 
children (chapter 5), pubertal adolescents (chapter 6) and adults (Powers et al., 1985; 
Barstow et al., 2000; Koppo et al., 2004; Figueira et al., 2008). 
 
The quantitative differences in SV according to training status in children are widely 
attributed to morphological adaptations of the myocardium, including an increased left 
ventricular dimension and mass and intraventricular and posterior wall thickness (e.g. 
Bianchi et al., 1998; Nottin et al., 2002b; Rowland et al., 2009a). However, the current 
results indicate both quantitative and qualitative differences according to training status, 
thereby suggesting an additional or alternative functional basis for the higher SV in trained 
children. The qualitative differences were observed in the SV response pattern which 
demonstrated the commonly reported initial increase in SV until 40-50% peak V&O2 
followed by a plateau until exhaustion in the untrained girls but a progressive, linear 
increase in SV until exhaustion in the trained girls. These differences were independent of 
maturity status and exercise modality. Although a progressively increasing SV is less 
commonly reported, it has been observed previously in trained pre-pubertal children 
(Rowland et al., 1998), pubertal boys (Unnithan et al., 1997) and adults (e.g. Crawford et 
al., 1985; Warburton et al., 2002). A common feature amongst these studies is the high 
training status of the subjects, especially when compared to training intervention studies. 
The mechanistic basis of these functional differences with training status is unclear. Whilst 
an enhanced diastolic filling has been suggested as the most likely mechanism in adults, the 
relative contribution of upstream and downstream factors to this effect remain to be 
resolved (Rowland, 2009), and the appropriateness of this explanation to younger 
populations is unclear. 
 
The superior fit of the sigmoidal compared to hyperbolic model to the deoxyhemoglobin 
response in trained and untrained girls during both exercise modalities is in agreement with 
adult studies (Boone et al., 2009). This sigmoidal [HHb] response reflects the non-linear 
relationship between O2 delivery and utilization at the muscle due to a relatively more rapid 
increase in O2 delivery at low compared to higher exercise intensities (Ferreira et al., 2007). 
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This variable rate of O2 delivery to utilization may be related to 1) the mechanical effects of 
muscular contraction; 2) an alteration in the balance between vasodilating and 
vasocontricting forces; and/or 3) changes in muscle fibre type recruitment, with increasing 
exercise intensity (Boone et al., 2009, 2010). Consistent with previous findings in adults 
(Boone et al., 2009), the [HHb] response pattern relative to percentage peak power showed 
a rightward shift in the trained participants, irrespective of maturity status or exercise 
modality. Furthermore, a relationship between the pattern of fractional O2 extraction and 
training status is supported, at least in pre-pubertal and post-pubertal girls, by the 
correlations between [HHb] c/d and parameters of aerobic fitness. Similar findings in adults 
(Boone et al., 2009), have been suggested to be associated with the enhanced oxidative 
capacity (Holloszy, 1967; Mogensen et al., 2006) and/or greater percentage of type I 
muscle fibres reported in trained participants (Costill et al., 1976; Trappe et al., 2006). The 
applicability of these mechanisms to the rightward shift observed in the current population 
is unclear. However, an elevated muscle O2 delivery and/or greater matching of local 
perfusion to metabolic rate in trained children may delay the requirement for accelerated O2 
extraction during incremental exercise.  At the same time, an increased muscle oxidative 
capacity which has previously been reported in trained children (Eriksson et al., 1973; 
Fournier et al., 1982), may contribute to the observed responses.  
 
The lack of interaction between the magnitude of training differences and maturity status in 
all the response parameters with the exception of the peak work rate was unexpected. We 
hypothesized that the difference between trained and untrained girls would increase from 
pre-pubertal to pubertal to post-pubertal girls.  Instead, we found the magnitude of 
differences between trained and untrained girls to be similar in all three maturity groups 
(e.g. absolute cycle peak V&O2: pre, 18%; pub, 22%; post, 18% higher in trained girls). 
Although the possible conclusions that can be drawn are limited by the cross sectional 
nature of this study, the present findings agree with Weber et al. (1976) and Danis et al. 
(2003) and suggests that there is no “golden” period during which training has an especially 
pronounced effect or a maturational threshold below which significant physiological 
adaptations to training cannot occur (Katch, 1983). It is possible that previous reports of the 
presence of a maturational threshold are actually a reflection of an insufficient training 
volume in the younger participants, therefore artificially indicating an influence of 
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maturation. However, even when younger and older participants completed the same 
training programme, controversy remained regarding the presence of a maturational 
threshold, therefore suggesting training volume is unlikely to explain the contradictory 
results. Whether the presence, or absence, of a maturational threshold is sex or sport 
dependent remains to be determined. However, it is possible that the influence of the 
hormones associated with the onset of puberty may be more important in boys or in more 
“anaerobic” sports. The present results indicate that significant influences of training status 
are evident in girls’ physiological responses to exercise even before puberty is reached and 
that reaching puberty is not associated with greater influences of training status being 
manifest. 
 
7.5 Conclusion 
 
In conclusion, training status significantly influenced the cardiopulmonary responses to 
exercise across all maturity stages, independent of exercise modality. Specifically, peak 
V&O2 was higher in the trained girls during both upper and lower body exercise, an elevation 
attributable to the higher peak SV and Q&  in trained girls. The linear increase observed in 
SV in the trained girls may indicate both morphological and functional influences of 
training status on the myocardium which contribute to the higher peak SV. Furthermore, 
training status influenced the metabolic responses to incremental ramp exercise, with a 
relatively slower increase in estimated muscle fractional O2 extraction in the trained girls. 
Neither exercise modality nor maturity status influenced the magnitude of the differences 
between trained and untrained girls. These findings challenge the notion that there is a 
“golden period” or maturational threshold regulating the influence of training status on the 
physiological responses to exercise in young people 
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Chapter 8 
 
Study 5 - The influence of training and maturity status on girls’ responses to high 
intensity upper and lower body exercise 
 
This study has been disseminated as follows: 
 
Publication: McNarry, M.A., Welsman, J.R., & Jones, A.M. (2010). The influence of 
training and maturity status on girls’ responses to high intensity upper and lower body 
exercise. In Press with APNM. 
 
8.1 Introduction 
 
The high-intensity nature of the Wingate Anaerobic test (WAnT) is highly relevant to the 
habitual activity and play patterns of young people (Bailey et al., 1995). Nonetheless, 
relatively few studies have examined children’s physiological response to high-intensity 
exercise and, consequently, the influences of growth, maturation and training status on 
‘anaerobic’ exercise performance in young people remain poorly understood (Williams, 
2008). There is a particular dearth of such information in young girls. Therefore, although a 
significantly higher peak power (PP) and mean power (MP) and lower fatigue index (FI) 
have been reported in trained young boys (Grodjinovsky et al., 1981; Rotstein et al., 1986; 
Counil et al., 2003; Ingle et al., 2006), it remains to be resolved whether similar influences 
of training status are present in young girls.  
 
Training status has been reported to significantly influence the physiological responses to 
exercise in pre-pubertal girls (McManus et al., 1997, although these effects may be 
confined to PP {McManus, 1997 #43; Bencke et al., 2002) or to the sport investigated 
(Bencke et al., 2002). In contrast, for adolescent girls no influence of training status on 
WAnT test performance has been reported (Siegler et al., 2003). This latter finding might 
be considered surprising given the significant effects of training status found in women 
during anaerobic tests (Serresse et al., 1989; Liljedahl et al., 1996). Furthermore, this 
finding contradicts the notion of a ‘maturational threshold’, below which significant 
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physiological adaptations to training cannot occur (Katch, 1983). This concept has been 
debated for many years with regard to aerobic exercise responses, with some studies 
supporting the concept (Kobayashi et al., 1978; Mirwald et al., 1981) and others refuting it 
(Weber et al., 1976; Danis et al., 2003). The possibility that a maturational threshold for 
training status exists in the physiological response to high-intensity exercise has not been 
investigated. 
 
The WAnT was originally devised as an anaerobic test but recent studies have reported a 
significant contribution of oxidative phosphorylation to ATP resynthesis during the test in 
both adults (Granier et al., 1995; Calbet et al., 1997; Bediz et al., 1998) and children (Chia 
et al., 1997; Chia, 2006). Furthermore, this oxidative contribution has been reported to be 
greater in trained adults compared to their untrained counterparts (Granier et al., 1995), an 
effect that may be related to the faster V&O2 kinetics of trained adults (e.g. Powers et al., 
1985; Koppo et al., 2004; Figueira et al., 2008). The influence of training status on the 
oxidative contribution to the WAnT in young people has yet to be investigated.  
 
The purpose of the present cross-sectional study was to investigate the influence of training 
status on the responses to upper-body (arm crank) and lower-body (cycle) WAnT in pre-
pubertal, pubertal and post-pubertal girls. We hypothesised that the trained girls would 
exhibit a significantly higher PP, MP and oxidative contribution and a lower FI, with the 
difference between trained and untrained girls increasing with maturity. We also 
hypothesised that the differences associated with training status would be more pronounced 
during upper than lower-body exercise due to the predominantly upper body nature of 
swimming (Ogita et al., 1996). 
 
8.2 Methods 
 
8.2.1 Participants  
 
In total, 18 pre-pubertal (8 trained, 10 untrained), 24 pubertal (9 trained, 15 untrained) and 
18 post-pubertal (8 trained, 10 untrained) girls participated in this study. The trained girls 
(T) were all regional, national or international level swimmers. The pre-pubertal girls had 
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been training for a mean of 2.5 (± 1) years and reported a mean training volume of 14 (± 3) 
hrs·wk-1. The pubertal and post-pubertal girls had been training 5 (± 1.5) years and 8 (± 2) 
years respectively, with training volumes of 18 (± 4) and 22 (± 3) hrs·wk-1, respectively. 
The training programme was predominantly aerobic although short, high intensity 
repetitions were also completed. In accordance with the long-term athlete development 
programme, the younger maturity groups were completing non-specific swimming training 
programmes whilst the post-pubertal swimmers were at the early stages of tailoring their 
training for specific swimming events. There was no bias amongst this group towards 
sprint, middle or long distance swimming events. The untrained (UT) group comprised 
volunteers from local schools who did not participate in any form of organised sport 
outside the national curriculum. Sexual maturity was assessed by self-report using the 
indices of pubic hair described by Tanner (1962). Age to peak height velocity was 
estimated to provide an additional indicator of physical maturity according to the equations 
of Mirwald et al. (2002), which are based on the measurement of standing and seated 
height, weight, and date of birth as described below. 
 
8.2.2 Anthropometry 
 
An anthropometrical evaluation was performed before the first test for all participants. 
Standing and seated height were measured to 0.1 cm using a Holtain stadiometer (Holtain, 
Crymych, Dyfed, UK) and body mass (BM) was determined using Avery beam balance 
scales to 0.05 kg (Avery, Birmingham, UK). Skinfold thickness was assessed three times at 
five sites on the body (bicep, triceps, subscapular, supra-iliac crest and thigh) by the same 
researcher for all participants using Harpenden callipers (Baty International, Burgess Hill, 
UK), accurate to the nearest 0.2mm. The mean of the three measurements was taken. 
Percentage body fat and fat free mass (FFM) were subsequently estimated based on the 
equations of Slaughter et al. (1988). 
 
Participants were asked to arrive at the laboratory in a rested and fully hydrated state, at 
least 3 hours postprandial and to refrain from consuming caffeinated drinks in the 6 hours 
prior to the test. The methods employed during this study were approved by the 
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institutional research ethics committee and all participants and their parents/guardians gave 
written informed consent and assent, respectively. 
 
8.2.3 Experimental protocols and measures 
 
The Wingate tests were conducted on two identical basket loaded cycle ergometers 
(Monark model 814 E), one of which was modified to allow upper body exercise. The seat 
height was adjusted to suit each participant, ensuring a slight flexion in the knee during the 
cycle WAnT and that the centre of the pedal crank was in line with the middle of the 
participants’ glenohumeral joint during the upper body WAnT. 
 
Each participant completed two WAnTs, one upper (UP) and one lower (LO) body, on 
separate days. The WAnT was preceded by a standardised 3 minute warm-up performed at 
a steady pace at the minimum ergometer resistance. This was interspersed at 1 min, 2 min 
and 2.5 minutes with a 3 s, all-out sprint against the actual test resistance to familiarise the 
participants with the test protocol. The resistance was set at 0.075 kg·kg-1 BM and 0.045 
kg·kg-1 BM for the LO and UP WAnT, respectively, based on the guidelines of Bar-Or 
(1983b). After a 2 minute rest, the WAnT itself commenced with 3 minutes sitting 
stationary on the ergometer for the assessment of baseline responses. Following this, 
participants were asked to accelerate the unloaded flywheel to 60 rpm and a 3 s countdown 
was given. On “GO!”, the participants accelerated as fast as possible and the load basket 
was dropped. Participants were asked to pedal as fast as they could for the entire 30 s test 
and warned beforehand that signs of pacing would result in the test being repeated. Strong 
verbal encouragement was provided through-out the 30 s test.  
 
Throughout the WAnT, gas exchange variables (Metalyser 3B Cortex, Biophysik, Leipzig, 
Germany) and heart rate (Polar S610, Polar Electro Oy, Kempele, Finland) were measured 
on a breath-by-breath basis and displayed online. Prior to each test the gas analyser was 
calibrated using gases of known concentration and the turbine volume transducer was 
calibrated using a 3-litre syringe (Hans Rudolph, Kansas City, MO). The delay in the 
capillary gas transit and analyser rise time were accounted for relative to the volume signal, 
thereby time aligning the concentration and volume signals.  
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8.2.4 Data analysis 
 
Power output variables were corrected for flywheel inertia and internal resistance (Chia et 
al., 1997) and reported for each second of exercise. Peak power (PP) was defined as the 
highest 1-s value and mean power (MP) was defined as the mean power output over the 
entire test. The fatigue index (FI) was calculated as the change in power output relative to 
PP = (PP – end power / PP)*100).  
 
Breath-by-breath data were interpolated to 1 s intervals and the peak V&O2 was defined as 
the highest 3 s average. The relative contribution of oxidative phosphorylation to the total 
energy expenditure during the 30 s WAnT was calculated by determining the area under the 
curve of V&O2 as a function of time, described by non-linear regression. This VO2 was 
subsequently converted to the oxidative energy cost of exercise by multiplying by 20.92 
J·mL·O2-1 and expressed relative to the total work done for the 30 s WAnT. Mechanical 
efficiency values of 13% (Kavanagh & Jacobs, 1988) and 30% (Bar-Or, 1996) were 
employed to allow comparison to previous paediatric studies (Chia et al., 1997). 
 
To determine the kinetics of the V&O2 response, the interpolated data were modelled using a 
mono-exponential function without a time delay, as reported by Calbet et al. (2003) 
(Graphpad Prism, Graphpad Software, San Diego, CA):  
 
    (Eq. 8.1) 
Where ∆V&O2 is the increase in V&O2 at time t above the baseline value (calculated as the 
mean V&O2 from the first 45 s of the last minute of baseline), A and τ are the amplitude and 
time constant, respectively.  
 
8.2.5 Statistical analyses 
 
Following identification of a normal distribution, homogenous variation and an absence of 
skewness or kurtosis, a two way ANOVA with repeated measures was used to analyse 
training status and exercise mode effects. Subsequent independent or paired samples t-tests 
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were employed as appropriate to identify the specific location of significant effects. The 
interaction of training status and sexual maturity stage was investigated using a factorial 
ANOVA. The influence of body size was accounted for using ANCOVA on log 
transformed data to determine the allometric relationship between body mass and peak 
V&O2, PP and MP (Welsman & Armstrong, 2000). The allometric relationship was also 
determined between estimated fat free mass (FFM) and PP and MP. All data are presented 
as means ± SD. Statistical significance was accepted when P < 0.05. 
 
8.3 Results 
 
Anthropometric characteristics, presented in Table 8.1, did not differ significantly between 
T and UT girls within each maturity group. All the girls in the pre-pubertal group were 
Tanner stage 1, whilst the pubertal girls were stages 3 and 4 and post-pubertal were stage 5. 
 
Table 8.1 Participants’ anthropometric characteristics 
 Pre-pubertal Pubertal Post-pubertal 
 Trained 
N = 8 
Untrained 
N = 10 
Trained 
N = 9 
Untrained 
N = 15 
Trained 
N = 8 
Untrained 
N = 10 
Age (y) 11.2 ± 1.0 11.9 ± 0.9 14.2 ± 0.8 14.2 ± 0.6 16.6 ± 0.6 16.7 ± 0.8 
Stature (m) 1.48 ± 0.08 1.50 ± 0.06 1.66 ± 0.05 1.60 ± 0.06 1.67 ± 0.04 1.69 ± 0.06 
Mass (kg) 43.2 ± 3.1 43.6 ± 6.6 56.9 ± 6.7 54.9 ± 7.0 59.4 ± 7.6 61.7 ± 6.7 
Sum of skinfolds (mm) 67.0 ± 17.4 59.2 ± 13.2 63.6 ± 15.3 67.3 ± 18.6 54.3 ± 16.5 69.8 ± 32.3 
Body fat (%) 26.7 ± 8.5 25.3 ± 5.9 29 ± 10 31 ± 9 24 ± 11 27 ± 9 
Values are mean ± S.D. 
* Significant difference between pre-pubertal and pubertal girls within trained or untrained children (P<0.01) 
† Significant difference between pubertal and post-pubertal girls within trained or untrained children (P<0.01) 
 
8.2.1 Influence of training status 
 
The influence of training status on PP and MP was dependent on exercise modality in all 
maturity groups with no influence evident during cycle ergometry but significantly higher 
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values being present in the T girls during upper body ergometry (d; PP: Pre, 1.58, Pub, 
1.41, Post, 1.40; MP: Pre, 1.88, Pub, 1.66, Post, 2.26), as summarised in Table 8.2 and 
shown in Figure 8.1.  
 
Table 8.2 Mechanical power indices in trained and untrained girls at 3 stages of maturity 
during a lower and upper body WAnT 
 Pre-pubertal Pubertal Post-pubertal 
Trained 
N = 8 
Untrained 
N = 10 
Trained 
N = 9 
Untrained 
N = 15 
Trained 
N = 8 
Untrained 
N = 10 
Cycle WAnT 
PP (W) 325 ± 41 359 ± 72 496 ± 90 # 454 ± 109 # 487 ± 106 541 ± 20 
PP (W·kg-1BM) 7.3 ± 1.1 8.3 ± 1.6 8.9 ± 1.2 8.3 ± 1.5 8.5 ± 1.4 8.8 ± 1.3 
PP (W·kg-1FFM) 9.5 ± 1.2 11.1 ± 2.2 12.4 ± 2.8 12.4 ± 1.7 10.2 ± 1.8 12.2 ± 1.6 
MP (W) 258 ± 42 274 ± 70 400 ± 60 # 352 ± 77 # 388 ± 55 421 ± 35 
MP (W·kg-1BM) 5.9 ± 0.9 6.3 ± 1.5 7.1 ± 1.0 # 6.4 ± 1.0 6.8 ± 0.8 6.9 ± 0.9 
MP (W·kg-1FFM) 7.8 ± 0.8 8.4 ± 2.2 10.0 ± 2.0 9.6 ± 1.2 8.5 ± 1.3 9.4 ± 0.7 
FI (%) 28 ± 11 42 ± 10 * 30 ± 13 42 ± 9 * 32 ± 8 44 ± 10 * 
Upper body WAnT 
PP (W) 163 ± 20 † 124 ± 29 *† 230 ± 42 † 173 ±  41 *† 245 ± 41 † 190 ± 40 *† 
PP (W·kg-1) 3.8 ± 0.6† 2.9 ± 0.7 *† 4.0 ± 0.4 † 3.4 ± 0.9 *† 4.1 ± 0.4† 3.1 ± 0.8 *† 
PP (W·kg-1FFM) 4.8 ± 3.9 † 3.9 ± 1.0 † 5.6 ± 0.9 † 4.5 ± 0.6 *† 5.7 ± 1.1 † 4.3 ± 0.9 *† 
MP (W) 130 ± 23† 85 ± 26 *† 184 ± 37 † 123 ± 38 *† 200 ± 30† 150 ± 15 *† 
MP (W·kg-1) 3.0 ± 0.5† 2.0 ± 0.6 *† 3.2 ± 0.4 † 2.5 ± 0.9 *† 3.4 ± 0.3 † 2.5 ± 0.8 *† 
MP (W·kg-1FFM) 3.8 ± 0.6 † 2.6 ± 1.0 *† 4.5 ± 0.9 † 3.3 ± 0.5 *† 4.6 ± 0.8 † 3.4 ± 0.9 *† 
FI (%) 35 ± 12 50 ± 16 * 32 ± 14 46 ± 16 * 32 ± 6 44 ± 12 * 
Values are mean ± S.D. PP, peak power; MP, mean power; FI, fatigue index; BM, body mass; FFM, fat free mass 
* Significant difference between trained and untrained children within a maturity group (P<0.05) 
# Significant difference compared to previous maturity stage within training status group (P<0.05) 
† Significant difference between exercise modalities within training status and maturity status group (P<0.05) 
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These differences remained significant subsequent to ratio or allometric scaling with the 
exception of PP in the pre-pubertal girls. In contrast, irrespective of exercise modality, the 
trained girls in all maturity groups exhibited a lower fatigue index (d; cycle: Pre, 1.38, Pub, 
1.15, Post, 1.35; upper body: Pre, 1.13, Pub, 1.63, Post, 1.26). During upper but not lower 
body ergometry, the trained girls in all three maturity groups demonstrated a significantly 
greater total work done (KJ; Pre: T, 3.9 ± 0.7 vs. UT, 2.6 ± 0.8, d = 1.77; Pub: T, 5.5 ± 1.1 
vs. UT, 3.7 ± 1.1, d = 1.67; Post: T, 6.0 ± 0.9 vs. UT, 4.5 ± 1.2, d = 1.43; all P<0.05). 
 
Figure 8.1 Mean power output responses for (a) pre-pubertal, (b) pubertal and (c) post-
pubertal girls during lower body (Lo) and upper body (Up) exercise. Trained girls are 
shown with closed and untrained girls with open symbols. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Trained girls achieved a significantly higher peak V&O2 during upper body ergometry in all 
three maturity groups (d: Pre, 1.72, Pub, 2.54, Post, 2.37) and during lower body ergometry 
in pubertal and post-pubertal girls (d: Pre, 1.66, Pub, 2.04, Post, 1.72), as shown in Table 
8.3. The trained girls in all maturity groups had faster V&O2 kinetics during the 30 s WAnT 
for both exercise modalities (d; cycle: Pre, 1.04, Pub, 2.40, Post, 3.44; upper body: Pre, 
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2.06, Pub, 2.11, Post, 3.73), as shown in Figure 8.2. Despite this, the oxidative contribution 
to total energy expenditure was only influenced by training status in the post-pubertal girls 
during lower body ergometry. The V&O2 τ was significantly related to peak V&O2 during 
upper body exercise in all three maturity groups (Pre, r = -0.73; Pub, -0.52; Post, -0.48; all 
P<0.05) and during lower body exercise in pubertal (r = -0.46; P<0.05) and post-pubertal 
girls (r = -0.66; P<0.01). 
 
Table 8.3 Peak oxygen uptake and oxidative contribution to energy provision in trained 
and untrained girls at 3 stages of maturity during a lower and upper body WAnT 
 Pre-pubertal Pubertal Post-pubertal 
 Trained 
N = 8 
Untrained 
N = 10 
Trained 
N = 9 
Untrained 
N = 15 
Trained 
N = 8 
Untrained 
N = 10 
Cycle WAnT 
Peak V&O2 (L·min-1) 1.8 ± 0.3 1.6 ± 0.3 2.2 ± 0.3 1.8 ± 0.2 
* 2.5 ± 0.2 2.2 ± 0.2 *# 
Peak V&O2 (mL·kg-1·min-1) 43 ± 6 38 ± 5 38 ± 7 34 ± 4 
* 43 ± 4 35 ± 7 * 
Oxidative 13% (%) 14 ± 3 14 ± 2 13 ± 3 12 ± 2 15 ± 2 10 ± 2 * 
Oxidative 30% (%) 33 ± 7 32 ± 5 30 ± 6 27 ± 5 34 ± 4 23 ± 5 * 
V&O2 τ (s) 15 ± 6 20 ± 4 9 ± 5 17 ± 2 
* 8 ± 3 18 ± 3 * 
Upper body WAnT 
Peak V&O2 (L·min-1) 1.6 ± 0.2 
†
 1.1 ± 0.3 *† 2.1 ± 0.2 # 1.4 ± 0.2 *†# 2.1 ± 0.4 † 1.5 ± 0.3 *† 
Peak V&O2 (mL·kg-1·min-1) 36 ± 7 
† 
 25 ± 5 *† 36 ± 4 27 ± 7 *† 35 ± 6 † 23 ± 5 *† 
Oxidative 13% (%) 21 ± 3 † 25 ± 6 † 20 ± 5 † 20 ± 7 † 16 ± 4 16 ± 2 † 
Oxidative 30% (%) 49 ± 6 † 58 ± 13 † 46 ± 11 † 47 ± 15 † 37 ± 9 37 ± 5 † 
V&O2 τ (s) 12 ± 4 20 ± 4 
* 10 ± 4 17 ± 3 *# 10 ± 3 19 ± 2 * 
Values are mean ± S.D. V&O2, oxygen uptake; Oxidative 13%, oxidative contribution assuming 13% mechanical efficiency; Oxidative 
30%, oxidative contribution assuming 30% mechanical efficiency  
* Significant difference between trained and untrained children within a maturity group (P<0.01) 
# Significant difference compared to previous maturity stage within training status group (P<0.05) 
† Significant difference between exercise modalities within training status and maturity status group (P<0.05) 
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Figure 8.2 Mean V&O2 responses for (a) pre-pubertal, (b) pubertal and (c) post-pubertal girls 
during lower bodo (Lo) and upper body (Up) exercise. Trained girls are shown with closed 
and untrained girls with open symbols. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.3.2 Interaction of training status with maturity 
 
No interaction was evident between maturity and training status for the mechanical power 
or V&O2 related parameters, with statistically similar differences between trained and 
untrained girls being evident at all three stages of maturity and for both modes of exercise 
(Tables 8.2, 8.3). 
 
8.4 Discussion 
 
The main finding of the present study was that training status significantly influenced both 
the mechanical power and the V&O2 responses of girls to high-intensity exercise across three 
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stages of maturity.  Moreover, the magnitude of these training status differences was not 
modulated by maturity. These data therefore suggest that there is no maturational threshold 
which must be surpassed for significant influences of training status to be manifest (Katch, 
1983). 
 
8.4.1 Influence of training status 
 
The current results broadly agree with previous studies reporting significant influences of 
training status in pre-pubertal girls (McManus et al., 1997; Bencke et al., 2002). The effects 
of training status were greater in our study compared to that of McManus et al. (1997), who 
reported effects on PP only, perhaps as a consequence of the more trained status of the 
present participants. Bencke et al. (2002) reported significant influences of swim-training 
status during lower body exercise, whilst we found significant influences during upper 
body exercise only. The explanation for this discrepancy is obscure. 
 
In adolescent girls, no influence of training status on any mechanical power parameter has 
been reported (Siegler et al., 2003). These findings contrast with the current results for both 
pubertal and post-pubertal girls. Direct comparisons to this previous study are hindered by 
the absence of a maturity assessment of the ~ 16 year old girls, who may have been late-
pubertal or post-pubertal. The discrepancy with the present findings may also be 
attributable to an insufficient training stimulus in the study of Siegler et al. (2003) since all 
participants were involved in regular football training with a subset undertaking additional 
resistance and plyometric training. Alternatively, or additionally, a discrepancy between the 
training modalities and the test modality (cycle) may explain the contradictory results 
(Grodjinovsky et al., 1981). 
 
In contrast to the results of the present study, the FI has previously been reported to be 
unaffected by training status in girls (Bencke et al., 2002; Siegler et al., 2003). A lower FI 
in our trained participants indicates a superior ability to maintain power output near the 
peak power output as the test proceeds. These results suggest that whilst PP and MP may be 
influenced by both aerobic (Rotstein et al., 1986; Obert et al., 2001) and anaerobic 
(Grodjinovsky et al., 1981; Ingle et al., 2006) based training programmes, aerobic training 
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is more effective at reducing the FI. The mechanistic basis for this is unclear but may be 
related to alterations in oxidative capacity and fatigue resistance in type II muscle fibres 
(Jones & Carter, 2000).   
 
Before considering the possible mechanistic basis of the aforementioned training status 
related differences, it is appropriate to highlight the cross-sectional design of this study. A 
fundamental advantage of this design is that it allows the investigation of the physiological 
effects of long-term, intensive training programmes, the replication of which is very 
challenging using longitudinal intervention based studies. However, the compromise is that 
it precludes the elucidation of whether the training status differences are attributable to 
training per se or are a reflection of the participants’ genotypes, or uncontrolled factors 
such as sampling bias or non-physiological learning effects. 
 
The mechanistic basis of training-status related enhancements in the mechanical power 
indices of children remain unclear (Obert et al., 2001), although a number of putative 
mechanisms have been proposed including changes in muscle metabolism, muscle mass 
and/or muscle fibre type. Suggestions of an altered muscle metabolism are based on early 
muscle biopsy studies which reported increased concentrations of adenosine triphosphate, 
phosphocreatine (PCr) and muscle glycogen, along with an increased activity of several 
glycolytic enzymes in trained children (Eriksson et al., 1973; Fournier et al., 1982; Cadefau 
et al., 1990). However, more recent studies failed to find any influence of training status on 
intramuscular pH or the ratio of PCr to inorganic phosphate, both of which have been 
suggested to be indicators of glycolytic capacity (Kuno et al., 1995). Lower limb muscle 
mass is a major determinant of the mechanical power response to high-intensity cycle 
exercise in healthy, untrained children (Davies et al., 1972; Mercier et al., 1992; Santos et 
al., 2003). Whether upper body muscle mass is similarly influential in determining the 
mechanical power response to high intensity upper body exercise is unknown. A potential 
role of muscle fibre type distribution and/or recruitment in determining training status 
related differences has been suggested on the basis of reports in adults suggesting an 
increased percentage of type I muscle fibres in trained participants (Saltin & Gollnick, 
1983; Russell et al., 2003). However, due to ethical constraints, no information is presently 
available in young people to corroborate or refute this possibility. Thus evidence regarding 
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the mechanistic basis of training status related differences in the mechanical power indices 
of young people is inconclusive. 
 
This is the first study to investigate the influence of training status on the oxidative 
contribution to high-intensity exercise in young people. In agreement with previous studies 
in both children (Chia et al., 1997; Chia, 2006) and adults (Granier et al., 1995; Bediz et 
al., 1998; Calbet et al., 2003), a significant oxidative contribution to the WAnT test was 
observed. However, contrary to our hypothesis and to previous findings in adults (Granier 
et al., 1995), the influence of training status was limited to lower body exercise in post-
pubertal girls; no influence was evident in the oxidative contribution to either upper or 
lower body WAnT exercise in pre-pubertal or pubertal girls. This finding is surprising 
considering the significantly faster V&O2 kinetics observed in the trained girls at all three 
stages of maturity, which one would anticipate would result in a greater oxidative 
contribution to meet the energy demands. The explanation for the apparent lack of training 
status on the oxidative contribution to the WAnT may be related to an equal influence of 
training status on both the oxidative (Eriksson et al., 1973; Fournier et al., 1982) and 
glycolytic components of energy provision (Eriksson et al., 1973; Fournier et al., 1982; 
Cadefau et al., 1990), such that the overall balance is not altered by training status.  Further 
studies investigating the influence of training status on oxidative and glycolytic 
components of energy provision are required in young people. 
 
As hypothesised, the influence of training status was significantly more pronounced during 
upper than lower body exercise, a finding most likely attributable to the predominantly 
upper body nature of swimming (Ogita et al., 1996). This finding, which agrees with 
previous reports in young boys (Grodjinovsky et al., 1981), highlights the importance of 
the exercise modality in revealing training status effects in the response to high-intensity 
exercise in biologically immature populations. A failure to account for disparities between 
the training and testing modalities may explain the absence of training status influences on 
the high-intensity exercise response of girls previously reported (McManus et al., 1997; 
Siegler et al., 2003). 
 
 
154 
 
8.4.2 Interaction of training status with maturity 
 
The interaction between training status and maturity during high-intensity exercise in 
young populations has not previously been investigated. Contrary to our hypothesis, no 
interaction was found between the magnitude of training status related differences and 
maturity for any parameter during either lower or upper body exercise. This finding 
contrasts with the classic theory of Katch (1983) which suggests the presence of a 
maturational threshold below which significant physiological adaptations to training are not 
manifest. These findings have potentially important implications for youth training 
programmes, indicating that training benefits can be obtained even before puberty. Further 
research is required to elucidate whether these conclusions are specific to girls and/or 
swimming, as it may be anticipated that the changes in the hormonal milieu associated with 
the onset of puberty (Zakas et al., 1994; Daly et al., 1998; Tsolakis et al., 2003) would have 
a more significant impact in boys and/or in strength/power related sports. Furthermore, it 
must be determined if the manifestation of significant influences of training status during 
pre-puberty are associated with additional benefits during adulthood. It should be 
emphasised that any such benefit would need to be balanced with the increased chance of 
burnout or injury typically associated with intensive training at a young age (Hemery, 1988; 
Hollander et al., 1995; Baxter-Jones & Helms, 1996; Starosta, 1996; Salguero & Gonzalez-
Boto, 2003). 
 
8.5 Conclusion 
In conclusion, this study has demonstrated significant influences of training status on the 
mechanical power indices during upper body WAnT, irrespective of maturity status in 11-
17 year old girls. Specifically, PP and MP were both higher and the FI was lower in swim-
trained pre-pubertal, pubertal and post-pubertal girls relative to their untrained counterparts 
during a 30 s all-out upper body exercise test. The dichotomy in the influence of training 
status between the upper and lower body highlights the importance of exercise modality in 
revealing training status influences. The present results indicate the presence of a 
significant oxidative contribution to energy provision during a WAnT test in girls. 
However, this oxidative contribution is not influenced by training status despite 
significantly faster V&O2 kinetics in the trained girls. Finally, this study suggests that the 
155 
 
influence of training status on high-intensity exercise performance is similar regardless of 
maturity stage, providing evidence against the concept of a maturational threshold in girls’ 
responses to high-intensity exercise.  
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Chapter 9 
 
Summate discussion 
 
The influence of training status across the stages of growth and maturation was previously 
largely uncharacterised, especially in girls and in the pubertal maturity stage. The purpose 
of the present thesis was to address this paucity of data by investigating an array of 
physiologic responses to provide an integrated insight into the influence of training status in 
girls prior to, during and post puberty. The individual elements of this multi-faceted 
approach have produced numerous novel findings, as described in chapters 4-8. The 
purpose of the following discussion is to consider the findings and their implications as a 
whole. 
 
9.1 Training volume and the influence of training status 
 
Fundamental to any study investigating the influence of training status or a training 
intervention is the frequency, intensity and duration of the underlying or implemented 
training programme. Although the dose-response relationship between exercise and its 
impact is receiving increasing interest, the main focus is to develop guidelines regarding the 
minimum amount of exercise required to “promote and maintain health” (Haskell et al., 
2007). Consequently, the minimum amount of training required to elicit significant 
physiological adaptations and its interaction with maturity status, sport, gender and prior 
training remains unclear, the primary recommendations for children being to exceed the 
minimum recommended amounts of exercise (30 minutes, 5 days a week; Haskell et al., 
2007) and  to exercise above 80% maximal heart rate (Baquet et al., 2003).  
 
In the present series of studies, the influence of training status on peak V&O2 was assessed in 
three independent and separate groups of pre-pubertal swimmers (chapters 4, 5 and 7), but 
only in one study (chapter 7) was peak V&O2 shown to be higher in the trained girls 
compared to their untrained counterparts. The same testing methodology was implemented 
in all three studies, with cycle exercise common to all three and upper body exercise 
common to studies 2 and 4 (chapters 5 and 7). Although the participants in study 1 (chapter 
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4) were marginally younger, lighter and smaller, these anthropometric differences should 
not influence comparisons as all participants were of the same maturity, according to 
Tanner stages (1962) and years to peak height velocity, and consideration of the 
allometrically scaled peak V&O2 does not alter the findings. A key difference amongst these 
studies, however, was the training volume of the swimmers: study 1, 5 ± 2 hr·wk-1; study 2, 
8 ± 3 hr·wk-1; study 3, 14 ± 3 hr·wk-1. These training volumes all exceed the minimum 
recommended amount of excercise (Baquet et al., 2003; Haskell et al., 2007), despite which 
only at the highest training volume was a significant influence of training observed on peak 
V&O2. Thus, the guidelines proposed appear inappropriate for pre-pubertal populations, a 
conclusion supported by previous studies which similarly failed to find an influence of 
training status, despite also satisfying the criteria (Welsman et al., 1997; Tolfrey et al., 
1998). This incongruity is not surprising given that the ACSM guidelines are derived from 
studies in adults. However, the real implications of these findings lie within youth 
performance training programmes, suggesting that in excess of 8 hours a week of 
swimming training is required for significant influences of training status to be evident in 
girls’ peak V&O2.  
 
However, there are a number of important caveats to this conclusion, including the 
relevance  of peak V&O2 to performance. Although peak V&O2 is the most widely measured 
parameter in paediatric exercise science (Armstrong & Fawkner, 2007), this does not confer 
value, and indeed, peak V&O2 is noted to be of limited value in other training and 
performance environments (Bosch, 2006; Jones, 2006; Matos & Winsley, 2007). A further 
caveat is that no measure of training intensity was taken in the current studies. Given the 
interaction between training intensity and duration, this limits the conclusions that can be 
drawn regarding the importance of training volume in determining the influence of training 
status. Finally, it is important to highlight that quantity should not be confused with quality 
and the latter should always be the primary aim of a training programme. 
 
If the lack of influence of training status on peak V&O2 in studies 1 and 2 (chapters 4 and 5) 
is associated with an insufficient training stimulus this may be related to high baseline 
fitness in the untrained participants. The magnitude of training-induced improvements is 
suggested to be inversely related to the initial baseline fitness level (Eliakim et al., 1996; 
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Tolfrey et al., 1998; Mandigout et al., 2001), therefore a relatively high level of fitness in 
the untrained girls is likely to reduce the magnitude of training status differences and 
necessitate a greater training stimulus for significant effects to be observed. Although a 
high level of baseline fitness in the untrained participants would be a contradiction to the 
general trends for decreasing fitness and physical activity in children (Tremblay & Willms, 
2000; Wedderkopp et al., 2004; Dollman et al., 2005), it is pertinent to note the role of self-
selection for these studies especially in the control participants and the potential bias this 
inherently causes. 
 
9.2 Maturity and the influence of training status 
 
For many years debate has surrounded the concept that there is an optimal age or 
maturational stage at which training will be most effective. Although arguably this concept 
was first suggested by Ekblom (1969), the best known proponent is Katch who suggested 
that there is a critical or trigger point during maturation prior to which minimal training-
related adaptations will occur (Katch, 1983). Many subsequent studies purported to support 
the presence of a maturational threshold (Kobayashi et al., 1978; Mirwald et al., 1981; 
Rowland, 1985; Mercier et al., 1987; Payne & Morrow, 1993; Rowland, 1997) but equal 
numbers refuted the concept (Daniels & Oldridge, 1971; Eisenmann & Golding, 1975; 
Weber et al., 1976; Daniels et al., 1978; Savage et al., 1986; Danis et al., 2003), resulting 
in little consensus as to the interaction between training and maturity. 
 
The results of studies 4 and 5 (chapters 7 and 8) challenge the conventional dogma as the 
influence of training status was equally potent at all stages of maturity with no interaction 
evident between the magnitude of training status differences and maturity stage for any 
measured parameter. In contrast, juxtaposition of studies 2 and 3 (chapters 5 and 6) reveals 
a significant interaction for the phase II V&O2 τ during cycle exercise as no influence of 
training status was evident in pre-pubertal girls whilst the trained pubertal girls had a 
significantly faster τ than their untrained counterparts. The phase II τ during upper body 
exercise, which was faster in both pre-pubertal and pubertal trained girls, showed no 
interaction with maturity. Therefore, the interaction between the magnitude of training 
status differences and maturity appears to be dependent on exercise modality. It is difficult 
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to explain why the presence of a maturational threshold, which would presumably be 
related to favourable changes in the hormonal milieu, would be specific to the lower or 
upper body. We suggest the explanation may lie not with the presence of a maturational 
threshold but in the accumulative effect of training. The predominantly upper body nature 
of swimming (Ogita et al., 1996) means the lower body receives a considerably lower 
training stimulus. When combined with a higher baseline fitness of the lower body due to 
habitual activity such as locomotion, a longer duration of training, as found in pubertal 
girls, would be required for significant influences to be evident.  
 
Overall, the conclusion that must be drawn from the present studies is that there is no 
maturational threshold or trigger point in the influence of training status on girls’ responses 
to exercise. This conclusion has implications within a training and performance 
environment, suggesting that significant influences of training status can be obtained even 
before puberty. It is important to highlight however, that further research is required to 
elucidate whether these conclusions are specific to girls and/or swimming, as it may be 
anticipated that the changes in the hormonal milieu associated with the onset of puberty 
would have a more significant impact in boys and/or in strength related sports. 
Furthermore, whilst physiological influences of training status may be evident in pre-
pubertal girls, whether there is any additional benefit of gaining these influences when pre-
pubertal over gaining them at a more mature stage is unknown. Moreover, any benefit will 
need to be balanced with the increased chance of burnout or injury typically associated with 
intensive training at a young age (Hemery, 1988; Hollander et al., 1995; Baxter-Jones & 
Helms, 1996; Starosta, 1996; Salguero & Gonzalez-Boto, 2003). 
 
9.3 Exercise modality and the influence of training status 
 
The majority of studies investigating the influence of training or training status in children 
have relied on cycle or treadmill erogmetry. A consequence of this narrow focus is that the 
importance of the specificity of the exercise modality to the training modality and the 
transferability of training status influences have not been extensively investigated. 
Furthermore, interpretation of the limited number of studies available is complicated either 
by the use of two modalities for training, neither of which was the test modality (Welsman 
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et al., 1997), or by the use of two different modalities and two different types of training 
such that it is not possible to ascertain the influence of each factor (Williams et al., 2000). 
Evidence from studies inadvertently involving disparate training and testing modalities is 
no more conclusive, with some reporting significant influences of training status 
(Mandigout et al., 2001), some a significant but reduced influence (McManus et al., 1997), 
and others no influence of training status (Obert et al., 2000; Cleuziou et al., 2002). A 
pivotal difference between these studies may be in the degree of disparity between the 
training and testing modalities: Mandigout et al. and McManus et al.’s studies involved 
lower body training and lower body testing whereas Obert et al. and Cleuziou et al. tested 
swimmers, a predominantly upper body training mode (Ogita et al., 1996), using a lower 
body testing modality. Resolution of the importance of exercise modality in the 
determination of training status influences is important, as the use of inappropriate test 
modalities may lead to erroneous conclusions as to the trainability, or otherwise, of 
children. 
 
Evidence from the present studies suggests that the interaction between exercise modality 
and the influence of training status may be more complicated that originally hypothesised, 
with additional influences from maturity and exercise protocol determining its importance. 
An influence of maturity is evident when studies 2 and 3 (chapters 5 and 6) are considered 
together: in the pre-pubertal girls in study 2, exercise modality was very important in 
demonstrating training status differences whereas the influence of training status was 
equally evident during both modalities in the pubertal girls. It is difficult to discern the 
basis for this disparity and, a physiological change associated with maturity seems an 
improbable explanation. We suggest this “maturity” influence may be a reflection of a 
lower level of fitness in the untrained pubertal girls relative to the untrained pre-pubertal 
girls (see Table 9.1), and/or the accumulation of a greater training volume in pubertal girls, 
which has been suggested to be an important factor (Conley et al., 1984; Pate et al., 1992; 
Jones, 1998). An influence of exercise modality is suggested when studies 2, 4 and 5 
(chapters 4, 7 and 8) are considered together. In studies 2 and 5, responses to an 
instantaneous change in metabolic demand were studied using constant-work-rate and 
Wingate tests, respectively, with the influence of training status shown to be dependent on 
exercise modality. In study 4, responses to a gradual increase in metabolic demand were 
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studied using a ramp incremental test, with the influence of training status demonstrated to 
be independent of exercise modality. This discrepancy according to exercise protocol is 
most likely a reflection of the relevance of the protocols to the daily activities of the 
untrained children; copious metabolic transitions occur each day (Barstow & Scheuermann, 
2005; Jones & Poole, 2005b) and children’s play patterns are characterised by sporadic 
bursts of high intensity exercise (Bailey et al., 1995; Berman et al., 1998; Baquet et al., 
2007). In contrast, the exercise stresses associated with a ramp incremental test are rarely, if 
ever, experienced in everyday life (Armstrong et al., 1990; Bailey et al., 1995). 
Consequently, the difference between trained and untrained girls is maximised during the 
ramp incremental test protocol, reducing the importance of exercise modality in the 
detection of training status effects.  
 
Table 9.1 Synopsis of results from studies 2 and 3 (chapters 5 and 6) highlighting the lower 
“fitness” in the untrained pubertal than pre-pubertal girls. 
 Cycle Upper body 
 Pre-pubertal Pubertal Pre-pubertal Pubertal 
Peak V&O2 (L·min-1) 1.60 ± 0.30 1.98 ± 0.26 * 1.09 ± 0.19 1.36 ± 0.21 * 
Peak V&O2 (mL·kg-1min-1) 37.8 ± 7.7 34.5 ± 2.2 25.4 ± 2.9 24.0 ± 4.9 
Peak V&O2 (mL·kg-bmin-1) 284 ± 47 160 ± 23 * 242 ± 31 204 ± 32 * 
V&O2 τ (s) 25 ± 7 35 ± 11 * 37 ± 6 44 ± 8 * 
Mean ± S.D. V&O2, oxygen uptake; τ, phase II time constant.  
* Significant difference between pre-pubertal and pubertal girls within exercise modality; P < 0.05 
 
9.4 Predictors of performance 
 
Whilst key parameters of aerobic fitness have been identified (Whipp et al., 1981), the 
relevance of these and other parameters to performance remains unclear, especially within 
young populations. To the best of our knowledge, only two studies have reported the 
relationship between physiological parameters and swimming performance in young 
people. The earlier of these studies found the mean power adjusted for thoracic cross-
sectional area to be a significant predictor of 50m front crawl performance, accounting for 
46%, whilst the peak V&O2 adjusted for thoracic cross-sectional area was a significant 
predictor of performances over 100, 200 and 400m, accounting for 77%, in pre-pubertal 
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boys (Duché et al., 1993). A more recent study also reported peak V&O2, estimated by 
backwards extrapolation from data obtained during the first 20 seconds of recovery, to be 
the major physiological determinant of 400m swimming performance in boys (Jurimae et 
al., 2007). A caveat to the conclusions drawn from these studies is the limited number of 
physiological parameters assessed, for example, despite the importance of parameters such 
as V&O2 kinetics and exercise economy to determining aerobic fitness, their relationship 
with swimming performance remains unknown. Further, both studies investigated the 
relationship between physiological variables and performance in boys, consequently the 
applicability of these predictors to girls is unknown. We endeavoured to address these 
issues by analysing the results from the present studies relative to performance using 
multiple regression analysis. 
 
Table 9.2 Pearson’s product moment correlations describing the relationship between the 
parameters assessed during ramp incremental exercise (chapters 4 and 7) and performance 
according to FINA points. Only those parameters for which there were significant 
correlations are shown 
 FINA Points 
Cycle ergometry Upper body ergometry 
Peak V&O2 (L·min-1) 0.55 
**
 0.69 ** 
Peak V&O2 (L·kgpfr·min-1) 0.57 
**
 0.67 ** 
GET (L·min-1) 0.60 ** 0.59 ** 
GET (L·kgpfr·min-1) 0.51 ** 0.62 ** 
Peak WR (W) 0.71 ** 0.69 
S1 Gain (mL·O2·W-1·min-1) -0.37 * N/A 
MRT (s) -0.44 * N/A 
Peak Q&  (L·min-1) 0.54 ** 0.57 ** 
Peak Q&  (L·m-2min-1) N/A 0.58 ** 
Peak SV (mL) 0.58 ** 0.58 ** 
Peak SV (mL·m-2) N/A 0.54 ** 
V&O2, oxygen uptake; GET, gas exchange threshold; pfr, power factor ratio; WR, work rate; S1 gain, gain below the GET; Q& , cardiac 
output; SV, stroke volume. * P < 0.05; ** P < 0.01 
 
Performance was defined according to the FINA points for each participant’s best event. 
FINA points allow comparisons between events and individuals and are defined each year 
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based on the latest world record approved by FINA. The closer the participant’s best time is 
to this world record, the higher their points score.  
 
Table 9.3 Pearson’s product moment correlations describing the relationship between the 
parameters assessed during constant-work-rate exercise (chapters 5 and 6) and performance 
according to FINA points. Only those parameters for which there were significant 
correlations are shown 
 FINA Points 
Cycle ergometry Upper body ergometry 
V&O2 phase II amplitude (L·min-1) 0.67 
** 0.78 ** 
O2 deficit (L) 0.58 * 0.68 * 
HR τ (s) N/A -0.77 ** 
HR amplitude (b·min-1) N/A 0.56 * 
V&O2, oxygen uptake; O2, oxygen; HR, heart rate; τ, time constant * P < 0.05; ** P < 0.01 
 
Participants at all stages of maturity were assessed together. Initially, it was determined 
which variables assessed during the ramp, WAnT and constant-work-rate tests were 
significantly correlated with performance according to Pearson’s product moment 
correlations (see Tables 9.2, 9.3, 9.4). Subsequently, for cycle and upper body exercise 
independently, all significant correlates were made available for stepwise multiple 
regression to determine the parameters which best predicted performance. Parameters 
influenced by body size were entered originally in absolute terms and subsequently in 
scaled terms. Finally, cycle and upper body ergometer responses were analysed together by 
stepwise multiple regression. 
 
It is important to highlight a number of confounding factors with regard to this 
methodology and, consequently, the derived predictors of performance. These confounding 
factors include the compilation of performances from a range of strokes and distances and 
the reliance on overall performance measures which incorporate non-swimming elements 
(e.g. starts and turns) as well as swimming. Furthermore, the temporal separation of the 
swimming performance and the laboratory testing may be associated with physiological 
and/or technical changes which could influence the accuracy of the prediction, as would the 
relative novelty of the laboratory tests and limited habituation. An advantage of the current 
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methodology compared to the use of a time trial as part of the testing series, however, is 
that psychological and race preparatory factors can be assumed to be optimal for 
performance.  
 
Table 9.4 Pearson’s product moment correlations describing the relationship between the 
parameters assessed during WAnT exercise (chapter 8) and performance according to 
FINA points. Only those parameters for which there were significant correlations are 
shown 
 FINA Points 
Cycle ergometry Upper body ergometry 
PP (W) 0.49 * 0.62 ** 
PP (W·kg-1) N/A 0.50 * 
MP 0.48 * 0.54 ** 
Work done (J) 0.48 * 0.55 ** 
End Power (W) 0.54 ** N/A 
Peak V&O2 (L·min-1) 0.49 
*
 0.49 * 
Peak V&O2 (L·kg-1·min-1) 0.68 
**
 N/A 
Blood [lactate] (mMol) 0.44 * N/A 
Aerobic work done (J) 0.60 ** N/A 
Peak HR (b·min-1) N/A -0.52 * 
Rest HR (b·min-1) N/A -0.45 * 
HR Amplitude (b·min-1) -0.49 ** N/A 
V&O2 τ (s) -0.61 
**
 N/A 
PP, peak power; MP, mean power; V&O2, oxygen uptake; blood [lactate], blood lactate concentration; HR, heart rate; τ, time constant. 
* P < 0.05; ** P < 0.01 
 
For cycle and upper body exercise independently, stepwise regression revealed the peak 
work-rate achieved during the ramp incremental tests, investigated in chapters 4 and 7, to 
be the major predictor of swimming performance, explaining 50% and 49% of the variance 
respectively. Additionally, when both cycle and upper body results were considered 
together, the peak work-rate during upper body exercise remained the major determining 
parameter (49%). However, when peak work rate was adjusted to account for body size 
using either body mass or fat free mass it was no longer a significant predictor of 
performance for either modality independently or combined. Instead, peak SV (40%) and 
peak V&O2 (20%) were identified as significant predictors of performance during cycle 
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exercise, and peak V&O2 was identified during upper body ergometry (47%). These findings 
therefore agree with the previous studies of Duché et al. (1993) and Jürimäe et al. (2007). 
This agreement suggests that there is no influence of gender on the predictors of 
performance determined from a ramp incremental test. It also indicates that the standard of 
swimmers is not an important factor in performance prediction as the previous studies 
involved swimmers of below county standard, as highlighted in Table 9.5, compared to the 
predominantly national level swimmers in the current studies. When both exercise 
modalities are considered together, the peak V&O2 achieved during upper body (47%) and 
cycle ergometry (19%) are identified as the significant predictors of performance. The 
considerably greater contribution of upper body peak V&O2 to predicting performance agrees 
with the predominantly upper body nature of swimming previously reported (Ogita et al., 
1996). The current findings extend those of the previous studies, not only by the 
consideration of upper body ergometry, but also by the demonstration that peak V&O2 is the 
most important predictor of performance for both short (50m and 100m) and longer (200m 
+) distance events across the range of strokes. 
 
Table 9.5 Performance times in previous studies to investigate swimming performance 
predictors in children compared to 2010 Devon County Qualifying Times. Note the 
considerably slower times of the previous studies swimmers. 
 Devon County 2010 Jürimäe et al. (2007)  Duche et al. (1993)  
11 yr old male 200m front crawl (s) 174 N/A 188 ± 31 
11 yr old male 400m front crawl (s) 360 N/A 399 ± 79 
12 yr old male 400m front crawl (s) 330 402 ± 54 N/A 
14 yr old male 400m front crawl (s) 294 354 ± 42 N/A 
 
Regression analysis of the results of study 5 (chapter 8) showed that, in contrast to the 
findings of Duché et al.(1993), MP was not a significant predictor of performance during 
either exercise modality, irrespective of whether it was expressed in absolute or relative 
terms. This discrepancy may arise due to the different distance specialisations under 
consideration. In the study of Duché et al. MP was found to be a significant predictor for 
50m front crawl performance, but not 100, 200 or 400m front crawl performance. In the 
present studies, performance was calculated according to each participant’s best event, with 
only two girls reporting a 50m event as their best. Therefore, the lack of significance of MP 
166 
 
as a predictor in the present study actually agrees with Duché et al. when considered against 
the comparable distances. This finding that MP is only a predictor for sprint 50m events is 
not surprising given the similarity between the duration over which the MP is typically 
determined and the time taken to complete 50m, a similarity which indicates ATP 
resynthesis is likely to be supported using similar energetic pathways.  
 
The best predictor of swimming performance identified from the parameters assessed 
during the cycle WAnT was peak V&O2 adjusted for body size, which accounted for 45% of 
the performance variation. This finding agrees with those from the ramp incremental test 
and supports suggestions of a large aerobic contribution to the WAnT test (Chia et al., 
1997). Previous studies investigating performance predictors in children assessed only the 
mechanical indices of WAnT performance (Duché et al., 1993; Jurimae et al., 2007), 
therefore no studies are available for comparison. The importance of peak V&O2 as a 
performance predictor may have been accentuated in the present studies due to the 
predominantly long distance specialisations of the participants, but further work is required 
to determine whether there is an interaction between swimming event distances and 
performance predictors in young people.  
 
Regression analysis of the upper body WAnT results revealed peak power and resting heart 
rate as performance predictors. This role of PP agrees with previous studies which found a 
significant relationship between PP and 50m swimming performance (Sharp et al., 1982; 
Hawley & Williams, 1991), but extends those findings to suggest the importance of PP is 
not specific to sprint events but swimming performance in general. Resting bradycardia in 
trained children has previously been reported and associated with a higher aerobic fitness 
(e.g. Rowland et al., 1987; Obert et al., 1998; Obert et al., 2003; Nottin et al., 2004).  
 
When the cycle and upper body Wingate responses are considered together, upper body 
mean power (accounting for 19%), along with the cycle blood lactate and upper body 
resting HR previously mentioned, are identified as significant predictors. Previous studies 
have similarly shown a strong correlation between upper body mean power and 
performance (Inbar & Bar-Or, 1977; Williams & Hawley, 1989; Hawley & Williams, 1991; 
Hawley et al., 1992), but this is the first study to identify upper body mean power as a 
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significant predictor of performance as previous studies have found lower body mean 
power to be more important (Hawley et al., 1992). Once again, this may be attributable to 
the longer distance of the majority of the events investigated here compared to the 50m 
sprints investigated previously and supports suggestions of a predominantly upper body 
nature of swimming (Holander et al., 1988; Ogita et al., 1996). 
 
The final set of parameters analysed in relation to performance were those determined 
during the constant-work-rate tests. Whilst training is accepted to be a potent stimulus to 
V&O2 kinetics in adults (Powers et al., 1985; Phillips et al., 1995; Carter et al., 2000; 
Krustrup et al., 2004), and a similar phenomenon is suggested here and elsewhere in young 
people (Marwood et al., 2010), the relevance of these training status related adaptations to 
performance is less clear. Studies in adults indicate that performance improvements are not 
always related to faster V&O2 kinetics or a reduced slow component amplitude (Billat et al., 
1998; Norris & Petersen, 1998; Demarle et al., 2001; Billat et al., 2002). Faster V&O2 
kinetics may nonetheless be important, however, due to their role in reducing the oxygen 
deficit, which has been correlated with increased time to exhaustion in some studies 
(Demarle et al., 2001), but not others (Billat et al., 2002). There are currently no studies 
available that have investigated the relationship between V&O2 kinetic parameters and 
performance in children. Stepwise regression analysis revealed that neither the phase II τ 
nor the slow component amplitude were significant predictors of performance in young 
girls. The phase II amplitude was the only significant predictor during both exercise 
modalities, a finding most likely to be a reflection of the higher work rate associated with 
the trained girls. 
 
Unfortunately, the arrangement of the present studies is unsuitable for the analysis of which 
parameters are the best predictors of performance overall. This therefore represents an issue 
for future research in young populations. Nonetheless, a number of implications for the 
application of the present results to the training environment are demonstrated by this and 
previous chapters. One such implication is the importance of training programmes being 
individualised to each swimmer, an implication highlighted by the variety of performance 
predictors reported above. If training had a universal, replicable effect it would be 
anticipated that a small number of performance predictors would have been strongly 
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indicated in the above analysis, however, this was certainly not the case. To aid in the 
individualisation of training programmes many questions need to resolved, such as the key 
factor(s) around which programmes should be orientated; whilst the current investigations 
suggest this factor is not maturity per se it needs to be determined if stroke, distance, 
upper/lower body contribution or some other as yet unrealised factor such as the duration of 
training history represents the cornerstone. A common  misconception of coaches is that 
training falls into either an aerobic or anaerobic zone and that these zones are separate and 
can be trained independently. The present findings demonstrate that in reality exercise is 
rarely so convieniently segregated, with the influence of a predominantly aerobic training 
programme evident across the “zones”. This demonstration could have significant 
implications for the type of training coaches ask their swimmers to undertake. The greatest 
implication of the current findings however is that training is equally effective at all stages 
of maturity and thus, physiologically, training programmes do not need to be stratified on 
the basis of maturity. However, it is crucial that this finding is balanced with the 
psychological and social implications of a similar training intensity and volume in mentally 
immature and mature swimmers. Furthermore, it is important to maintain a perspective of 
the importance of childhood successes in the overall sporting career of a performer as few 
who are successful at a young age tend to persevere to the age and maturity at which the 
major competitions and successes can be obtained.  
 
9.5 Study Limitations 
 
There are a number of limitations to the present studies; some which are inherent to the 
study design and others which have arisen during analysis or interpretation. The most 
severe limitation was the cross-sectional design of the studies. This  precludes attributing 
the training status differences to training per se, as they may be a reflection of participant’s 
genetic phenotypes. The dependence of the influence of training status on genetics and 
heredity is suggested to be substantial but the exact percentage remains unclear with 
estimations for relative peak V&O2 ranging from 7% (Weber et al., 1976) to 50% (Bouchard, 
1986) and 70% (Danis et al., 2003). However, whilst this is a significant disadvantage, 
cross-sectional studies do also present numerous advantages, the foremost of which is that 
they allow comparisons between extreme groups. This advantage is especially pertinent to 
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studies of training effects as a limitation of many training intervention studies is the volume 
and duration of training implemented. Although the majority of studies implement training 
programmes which exceed the minimum criteria suggested by the ACSM (Haskell et al., 
2007) and/or by Baquet et al. (2003), replication of the training volumes undertaken by real 
athletes, such as the average 22 hours/week training completed by the post-pubertal girls in 
studies 4 and 5 (chapters 7 and 8), is unfeasible. This advantage is especially applicable to 
young populations where the magnitude of training status related differences is reduced 
(Pate & Ward, 1996) and ensuring participant adherence to a training programme is 
challenging at best.  
 
A further inherent limitation of the present studies is the non-invasive and, consequently, 
indirect methodologies that must be employed with young people (National Institutes of 
Health, 1993). These constraints are largely responsible for the paucity of data available on 
children and adolescents and it is only with the relatively recent technological advances 
enabling indirect methodologies that significant advances in our understanding of paediatric 
physiology have been made. Unfortunately, even with these technological advances many 
questions are currently unanswerable, such as the influence of training status on muscle 
mitochondrial density and enzymatic profiles, leaving us to rely on a limited number of 
early studies. 
 
Finally, further insights into the influence of training status may have been afforded if an 
additional lower body trained group and/or a whole body swimming ergometer had been 
investigated. Although the inclusion of a lower body trained group was considered, the 
decision was to focus on the swim trained group due to the pressures of time constraints 
and child recruitment. Whilst an upper body ergometer is more relevant to swimming than 
a cycle ergometer, it is, nonetheless, not ideal. The most specific ergometer currently 
available for testing swimmers is the swim bench, however, there are numerous 
disadvantages to this including the imprecision of applied workloads, which would have 
been unacceptable for studies 2 and 3 (chapters 5 and 6). Additionally, the swim bench 
ergometer does not address the issues surrounding the isolation of the upper or lower body 
for testing and neither has it been validated as a reliable and accurate ergometer. 
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9.6 Future Directions 
 
During the process of compiling and writing this thesis, many directions for future research 
have become evident. The number and diversity of issues and questions that remain to be 
elucidated reflect the ethical constraints which have severely restricted the investigation of 
paediatric physiology for many years, the recent alleviation of many of which heralds a 
promising era in which considerable advances in our knowledge and understanding will 
hopefully occur.  
 
A prime example of these technological advances is the widening availability of magnetic 
resonance spectroscopy and imaging devices and the increasing number of exercise 
protocols being developed for use in conjunction with them. 31P-magnetic resonance 
spectroscopy (MRS) allows the continuous in-vivo interrogation of muscle phosphates 
during exercise, thereby allowing an unparalleled insight into muscle metabolism in 
children (Barker et al., 2006). Despite this considerable potential, only one study has 
investigated the influence of training status using MRS  (Kuno et al., 1995). In this study, 
the intracellular pH and the ratio of (PCr):(PCr + Pi) were not influenced by training status, 
although the small sample sizes, with only 3 trained boys in some age-groups, constrain the 
conclusions that can be drawn. A rapidly increasing number of studies in adults have shown 
significant influences of training status (e.g. Walker et al., 1998; Forbes et al., 2008; 
Norrbrand et al., 2008; Larsen et al., 2009), further demonstrating the sensitivity and 
application of MRS. Issues to which MRS studies may provide clarification include 
whether training influences the utilisation of muscle substrates during exercise and/or 
recovery. Is this influence on the magnitude or time-course of the response? With the 
increasing diversity of protocols that can be implemented within the bore of the magnet, 
concerns as to the relevance of these testing modalities to training will need to be 
addressed. MRI may also reveal the influence of training status on the fibre architecture, the 
perfusion, mechanical properties and the contractile activity of muscles. Such investigations 
may provide important insights as to the progression of training status influences 
throughout growth, maturation and senescence in those muscles both voluntarily (e.g. m. 
Vastus lateralis) and involuntarily (e.g. myocardium) involved in exercise. For example, 
the occurrence of morphological and functional adaptations of myocardium can be 
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investigated by MRI, contributing evidence towards the debate as to the functional or 
morphological basis of the enhanced stroke volume in trained participants.  
 
The current results indicate that exercise modality is an important consideration when 
investigating training responses. Indeed, it is not implausible that the prevailing concept of 
a reduced trainability in children may be related to the use of inappropriate testing 
modalities for revealing training status or intervention effects. Further work is warranted to 
determine if the choice of exercise modality is equally important for all sports or whether it 
is accentuated in swimmers due to the prone position or the predominantly upper body 
nature of the exercise. It seems probable that a swim bench related ergometer is the most 
appropriate test apparatus possible in the laboratory setting, but the reliability and 
replicability of results from this system have not been established and it is questionable 
how much the action actually replicates that of swimming. There are also concerns about 
the unfamiliarity of the action involved  for non-swimmers and the impact this may have on 
the control group. 
 
One of the important outcomes of the present studies was the suggestion that no 
maturational threshold is present in girls’ physiological responses to exercise. This finding 
may suggest that girls should be encouraged to train even harder before puberty. However, 
it remains to be established whether the gains made at this early age yield significant 
advantages in adulthood. The answer to this question is undoubtedly multifaceted, 
involving consideration of both the physiological and also the psychological impact of 
substantial training volumes at young ages; “burnout” and over-training must be avoided if 
physiological advantages are to be manifest in adulthood. Additionally, whether the 
absence of a maturational threshold is specific to girls and/or aerobically trained 
participants needs to be determined, as does the accuracy of this statement to a wider 
selection of physiological parameters, such as PCr kinetics, muscle fibre type distribution 
and enzymatic profiles and substrates. 
 
Whilst theoretically interesting, it is also important to consider the practical implications 
and relevance of performance predictors. The central question is whether research can 
identify specific performance predictors to enable the specialisation and tailoring of 
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training programmes to optimise these parameters and, consequently, performance. A 
multitude of questions remain, however, which are likely to be sport-specific. Within a 
swimming context, these questions include whether the performance predictors are 
dependent on performance level, stroke specialisation, training cycle phase and even stroke 
technique. It may be hypothesised that performance predictors will be related to the event 
distance but this remains to be confirmed. In a more general context, interesting questions 
to address would be the similarity in performance predictors across sports; do weight 
bearing sports share a greater commonality in performance predictors than weight bearing 
and non-weight bearing sports? Is there a commonality in performance predictors for all 
sprint or endurance events? Do performance predictors vary depending on age or gender or 
anthropometrical characteristics? 
 
If the current trends for decreasing physical activity and increasing obesity are to be 
prevented from escalating, it is crucial to develop our understanding of the dose-response 
relationship between training and physiological adaptations across the age range. The 
present studies indicate that in excess of 8 hours/week swimming training is required before 
significant influences on peak V&O2 are observed. However, it remains to be determined if 
this is a representative finding and whether the training volume required is mediated by 
age, baseline fitness, genetics, training activity and/or gender. In addition, it is necessary to 
establish which are the most important parameters to improve by training; peak V&O2 may 
be the most studied but that does not imply it is the most important. Identification of the 
most relevant parameters would allow investigation of the exercise modalities and regimes 
most effective at eliciting significant improvements. Whilst these questions are receiving an 
increasing degree of attention, the emphasis remains on adult populations. 
 
Finally, research is required to determine the influence of training status on the recovery 
from exercise in children. The recovery from exercise of pulmonary and cardiovascular 
parameters is highly sensitive to adaptation due to the considerable hemodynamic and 
cardiopulmonary changes that occur during the recovery phase (Bar et al., 2007). Despite 
this, these responses remain severely under-investigated. Although heart rate recovery 
following exercise has been used for decades as an indicator of physical fitness, it is only 
subsequent to an improved understanding of exercise physiology that the importance of the 
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recovery of other parameters, such as oxygen uptake, has been recognised (Bar et al., 
2007). Many areas remain uninvestigated  in children, such as whether V&O2 or HR kinetics 
recover from exercise faster in trained children and whether training influences the 
symmetry of the on and off V&O2 kinetic responses. 
 
9.7 Final Conclusions 
 
In summary, the studies in this thesis have demonstrated that whilst children are not mini-
adults, the child-adult differences are not related to a lack of trainability or the presence of a 
maturational threshold, as proposed by conventional dogma.  
 
The present studies have demonstrated significant influences of training status on an array 
of parameters, from those that effect exercise responses centrally, such as stroke volume 
and cardiac output, to those that exert their effect peripherally, such as oxygen extraction. 
The effects of these central and peripheral training status-related enhancements have been 
observed in the magnitude and speed of the overall responses, as indicated by peak V&O2 
and V&O2 kinetics. In contrast to the independence of training status effects from maturity, 
exercise modality and training volume have been highlighted as important factors in the 
demonstration of training status effects. 
 
This thesis has investigated only a tiny area of the field and, whilst it has furthered our 
understanding in a number of respects, it has also led to the identification of many more 
questions. Given the increasing participation in sport and awareness of the role of exercise 
training in combating the impending obesity epidemic, furthering our understanding of the 
underlying physiology, and the influence of training on it, is vital. This understanding may 
be most imperative in paediatric and adolescent populations as children represent the future 
and ensuring, and optimising, their healthy growth and development ought to be a prime 
concern of all societies (WHO, 2010). 
 
 
 
 
174 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
175 
 
Chapter 10 
 
References 
 
Anderson SJ, Griesemer BA, Johnson MD, Martin TJ, McLain LG, Rowland TW & Small 
E. (2000). Intensive training and sports specialization in young athletes. Pediatrics 
106, 154-157. 
 
Armon Y, Cooper DM, Flores R, Zanconato S & Barstow TJ. (1991). Oxygen-uptake 
dynamics during high-intensity exercise in children and adults. J Appl Physiol 70, 
841-848. 
 
Armstrong N, Balding J, Gentle P & Kirby B. (1990). Patterns of physical-activity among 
11-year-old to 16-year-old british children. Br Med J 301, 203-205. 
 
Armstrong N & Barker A. (2009). Oxygen uptake Kinetics in children and adolescents: a 
review Pediatr Exerc Sci 21, 130-147. 
 
Armstrong N & Fawkner S. (2007). Aerobic Fitness. In Paediatric Exercise Science, ed. 
Armstrong N, pp. 161-187. Churchill Livingstone Elsevier, Philadelphia. 
 
Armstrong N & Welsman J. (1993). Training young athletes. In Coaching children in sport, 
ed. Lee M, pp. 191-203. Taylor and Francis, London. 
 
Armstrong N & Welsman J. (1997). The Assessment and Interpretation of Aerobic Fitness 
in Children and Adolescents : An Update. In Exercise and Fitness - Benefits and 
Risks, ed. Froberg K, Lammert O, Hansen HS & Blimkie CJR, pp. 173-182. Human 
Kinetics, Champaign Illinois. 
 
Armstrong N & Welsman J. (2002). Young People and Physical Activity. Oxford 
University Press, Oxford. 
 
Armstrong N, Welsman J & Winsley R. (1996). Is Peak vo2 a Maximal Index of Children's 
Aerobic Fitness ? International Journal of Sports Medicine 17, 356-359. 
 
Armstrong N & Welsman JR. (1994). Assessment and Interpretation of Aerobic Fitness in 
Children and Adolescents. In Exercise and Sport Science Reviews, ed. Holloszy JO, 
pp. 435-476. 
 
Astrand PO. (1952). Experimental studies of physical working capacity in relation to age 
and sex. Enjar Munksgaard, Copenhagen. 
 
Astrand PO. (1963). Chapter 10: General Discussion and Conclusions. Acta Paediatr 52, 
64-68. 
 
176 
 
Attaway R, Bartoli WP, Pate RR & Davis JM. (1992). Physiologic and perceptual 
responses to exercise on a new cycle ergometer. Can J Sports Sci 17, 72. 
 
Ayabakan C, Akalin F, Mengutay S, Cotuk B, Odabas I & Ozuak A. (2006). Athlete's heart 
in prepubertal male swimmers. Cardiol Young 16, 61-66. 
 
Ayalon A, Inbar O & Bar-Or O. (1974). Relationships Among Measurements of Explosive 
Strength and  Anaerobic Power. In Biomechanics IV, ed. Nelson RC & Morehouse 
CA, pp. 527-532. University Park Press, Baltimore, MD. 
 
Babcock MA, Paterson DH, Overend TJ & Cunningham DA. (1986). Aerobic training 
effect on indices of the Wingate anerobic performance test. In Annual Meeting of 
the American College of Sports Medicine, pp. S1-S2. Medicine and Science in 
Sports and Exercise   Indianapolis, Indiana. 
 
Bailey RB, Olson J, Pepper SL, Porszasz J, Barstow TJ & Cooper DM. (1995). The level 
and tempo of children's physical activities: an observational study. Med Sci Sport 
Exerc 27, 1033-1041. 
 
Bailey SJ, Wilkerson DP, DiMenna FJ & Jones AM. (2009). Influence of repeated sprint 
training on pulmonary O2 uptake and muscle deoxygenation kinetics in humans. J 
Appl Physiol 106, 1875-1887. 
 
Balmer J, Bird SR, Davison RCR, Doherty M & Smith PM. (2004). Mechanically braked 
Wingate powers: agreement between SRM, corrected and conventional methods of 
measurement. J Sports Sci 22, 661-667. 
 
Baquet G, Berthoin S, Dupont G, Blondel N, Fabre C & van Praagh E. (2002). Effects of 
high intensity intermittent training on peak VO2 in prepubertal children. Int J Sports 
Med 23, 439-444. 
 
Baquet G, Stratton G, Van Praagh E & Berthoin S. (2007). Improving physical activity 
assessment in children with high-frequency accelerometry monitoring: a 
methodological issue. Preventative Medicine 44, 1430147. 
 
Baquet G, Van Praagh E & Berthoin S. (2003). Endurance training and aerobic fitness in 
young people. Sports Med 33, 1127-1143. 
 
Bar-Or O. (1983a). Paediatric Sports Medicine for the Practitioner. Springer-Verlag, New 
York. 
 
Bar-Or O. (1983b). Pediatric sports medicine for the practitioner. Springer-Verlag, New 
York. 
 
Bar-Or O. (1987). The Wingate anaerobic test. An update on methodology, reliability and 
validity. Sports Med 4, 381-394. 
 
177 
 
Bar-Or O. (1993). Noncardiopulmonary pediatric exercise tests. In Pediatric Laboratory 
Exercise Testing - Clinical Guidelines, ed. Rowland T, pp. 165-185. Human 
Kinetics, Champaign, IL. 
 
Bar-Or O. (1996). Anaerobic performance. In Measurement in Pediatric Exercise Science, 
ed. Docherty D, pp. 161-182. Human Kinetics, Champaign, Il. 
 
Bar G, Black PC, Gutjahr P & Stopfkuchen H. (2007). Recovery kinetics of heart rate and 
oxygen uptake in long-term survivors of acute leukemia in childhood. Eur J Pediatr 
166, 1135-1142. 
 
Barker A, Welsman J, Welford D, Fulford J, Williams C & Armstrong N. (2006). 
Reliability of P-31-magnetic resonance spectroscopy during an exhaustive 
incremental exercise test in children. Eur J Appl Physiol 98, 556-565. 
 
Barker AR, Williams CA, Jones AM & Armstrong N. (2009). Establishing maximal 
oxygen uptake in young people during a ramp cycle test to exhaustion. Br J Sports 
Med. 
 
Barstow TJ, Casaburi R & Wasserman K. (1993). O2 uptake kinetics and the O2 deficit as 
related to exercise intensity and blood lactate. J Appl Physiol 75, 755-762. 
 
Barstow TJ, Jones AM, Nguyen PH & Casaburi R. (2000). Influence of muscle fibre type 
and fitness on the oxygen uptake/power output slope during incremental exercise in 
humans. Experimental Physiology 85, 109-116. 
 
Barstow TJ, Lamarra N & Whipp BJ. (1990). Modulation of muscle and pulmonary O2 
uptakes by circulatory dynamics during exercise. J Appl Physiol 68, 979-989. 
 
Barstow TJ & Mole PA. (1991). Linear and nonlinear characteristics of oxygen-uptake 
kinetics during heavy exercise. J Appl Physiol 71, 2099-2106. 
 
Barstow TJ & Scheuermann BW. (2004). Effects of maturation and ageing on VO2 kinetics. 
In Oxygen Uptake Kinetics in Sports, Exercise and Medicine, ed. Jones AM & 
Poole DC, pp. 331-352. Routledge, New York. 
 
Barstow TJ & Scheuermann BW. (2005). VO2 kinetics: Effects of maturation and ageing. 
In Oxygen Uptake Kinetics in Sports, Exercise and Medicine, ed. Jones AM & 
Poole DC, pp. 331-352. Routledge, Taylor and Francis Group, London. 
 
Baxter-Jones ADG & Helms P. (1996). Effects of training at a young age: A review of the 
training of young athletes (TOYA) study. Pediatr Exerc Sci 8, 310-327. 
 
Baxter-Jones ADG & Mundt C. (2007). The young athlete. In Pediatric Exercise 
Physiology, ed. Armstrong N, pp. 299 - 324. Churchill Livingstone Elsevier, 
Philadelphia. 
 
178 
 
Bearden SE & Moffatt RJ. (2000). VO2 kinetics and the O2 deficit in heavy exercise. J Appl 
Physiol 88, 1407-1412. 
 
Beaver WL, Wasserman K & Whipp BJ. (1986). A new method for detecting anaerobic 
threshold by gas-exchange. J Appl Physiol 60, 2020-2027. 
 
Bediz CS, Gokbel H, Kara M, Ucok K, Cikrikci E & Ergene N. (1998). Comparison of the 
aerobic contributions to Wingate anaerobic tests performed with two different loads. 
J Sports Med Phys Fit 38, 30-34. 
 
Bencke J, Damsgaard R, Saekmose A, Jorgensen P, Jorgensen K & Klausen K. (2002). 
Anaerobic power and muscle strength characteristics of 11 years old elite and non-
elite boys and girls from gymnastics, team handball, tennis and swimming. 
Scandinavian Journal of Medicine & Science in Sports 12, 171-178. 
 
Beneke R, Schwarz V, Leithauser R, Hutler M & von Duvillard S. (1996). Maximal lactate 
steady state in children. Pediatr Exerc Sci 8, 328-336. 
 
Berger NJA, Tolfrey K, Williams AG & Jones AM. (2006). Influence of continuous and 
interval training on oxygen uptake on-kinetics. Med Sci Sports Exerc 38, 504-512. 
 
Berman N, Bailey R, Barstow TJ & Cooper DM. (1998). Spectral and bout detection 
analysis of physical activity patterns in healthy, prepubertal boys and girls. Am J 
Hum Biol 10, 289-297. 
 
Bhambhani Y, Maikala R & Buckley S. (1998). Muscle oxygenation during incremental 
arm and leg exercise in men and women. Eur J Appl Physiol 78, 422-431. 
 
Bhambhani YN, Eriksson P & Gomes PS. (1991). Transfer effects of endurance training 
with the arms and legs. Med Sci Sports Exerc 23, 1035-1041. 
 
Bianchi G, Nardi P, Cecchetti F, Parisi A & Pelliccia A. (1998). Study of "athlete's heart" 
in young footballers: influence of athletic activity and pubertal growth. Med Sport 
51, 171-177. 
 
Billat VL, Mille-Hamard L, Demarle A & Koralsztein JP. (2002). Effect of training in 
humans on off- and on-transient oxygen uptake kinetics after severe exhausting 
intensity runs. Eur J Appl Physiol 87, 496-505. 
 
Billat VL, Richard R, Binsse VM, Koralsztein JP & Haouzi P. (1998). The VO2 slow 
component for severe exercise depends on type of exercise and is not correlated 
with time to fatigue. J Appl Physiol 85, 2118-2124. 
 
Blimkie CJR, Roache P, Hay JT & Baror O. (1988). Anaerobic power of arms in teenage 
boys and girls - relationship to lean tissue. Eur J Appl Physiol Occup Physiol 57, 
677-683. 
 
179 
 
Blomqvist CG. (1983). Cardiovascular Adaptations to Physical Training. Annual Review of 
Physiology 45, 169-189. 
 
Bonen A, Baker SK & Hatta H. (1997). Lactate transport and lactate transporters in skeletal 
muscle. Canadian Journal of Applied Physiology 22, 531-552. 
 
Boobis LH, Williams C & Wootton SA. (1983). Influence of sprint training on muscle 
metabolism during brief maximal exercise in man. J Physiol-London 342, P36-P37. 
 
Boone J, Koppo K, Barstow TJ & Bouckaert J. (2009). Pattern of deoxy[Hb plus Mb] 
during ramp cycle exercise: influence of aerobic fitness status. Eur J Appl Physiol 
105, 851-859. 
 
Boone J, Koppo K, Barstow TJ & Bouckaert J. (2010). Effect of exercise protocol on 
deoxy[Hb plus Mb]: incremental step versus ramp exercise. Med Sci Sports Exerc 
42, 935-942. 
 
Boone J, Koppo K & Bouckaert J. (2008). The VO2 response to submaximal ramp cycle 
exercise: Influence of ramp slope and training status. Respir Physiol Neuro 161, 
291-297. 
 
Bosch AN. (2006). Exercise science and coaching: Correcting common misunderstandings. 
Sports Sci and Coach 1, 77-87. 
 
Bouchard C. (1986). Genetics of aerobic power and capacity. In Sport and human genetics, 
ed. Malina RM & Bouchard C, pp. 60-88. Human Kinetics, Champaign, Il. 
 
Bouchard C, Dionne FT, Simoneau JA & Boulay MR. (1992). Genetics of aerobic and 
anaerobic performances. Exerc Sport Sci Rev 20, 27-58. 
 
Boushel R, Langberg H, Olesen J, Gonzales-Alonzo J, Bulow J & Kjaer M. (2001). 
Monitoring tissue oxygen availability with near infrared spectroscopy (NIRS) in 
health and disease. Scandinavian Journal Of Medicine & Science In Sports 11, 213-
222. 
 
Boyd AE, Giamber SR, Mager M & Lebovitz HE. (1974). Lactate inhabition of lipolysis in 
exercising man. Metabolism 23, 531-542. 
 
Brass EP. (1996). Skeletal muscle metabolism as a target for drug therapy in peripheral 
arterial disease. Vascular Medicine 1, 55-59. 
 
Buchfuhrer MJ, Hansen JE, Robinson TE, Sue DY, Wasserman K & Whipp BJ. (1983). 
Optimizing the exercise protocol for cardiopulmonary assessment. J Appl Physiol 
55, 1558-1564. 
 
Burgomaster KA, Howarth KR, Phillips SM, Rakobowchuk M, MacDonald MJ, McGee SL 
& Gibala MJ. (2008). Similar metabolic adaptations during exercise after low 
180 
 
volume sprint interval training and traditional endurance training in humans. 
Journal of Physiology 586, 151-160. 
 
Burkett LN, Fernhall B & Walters SC. (1985). Physiological-effects of distance running 
training on teenage females. Res Q Exerc Sport 56, 215-220. 
 
Cadefau J, Casademont J, Grau JM, Fernandez J, Balaguer A, Vernet M, Cusso R & 
Urbanomarquez A. (1990). Biochemical and histochemical adaptation to sprint 
training in young athletes. Acta Physiol Scand 140, 341-351. 
 
Calbet JAL, Chavarren J & Dorado C. (1997). Fractional use of anaerobic capacity during a 
30- and a 45-s Wingate test. Eur J Appl Physiol Occup Physiol 76, 308-313. 
 
Calbet JAL, De Paz JA, Garatachea N, De Vaca SC & Chavarren J. (2003). Anaerobic 
energy provision does not limit Wingate exercise performance in endurance-trained 
cyclists. J Appl Physiol 94, 668-676. 
 
Carlson J & Naughton G. (1994). Performance characteristics of children using various 
braking resistances on the wingate anaerobic test. J Sports Med Phys Fit 34, 362-
369. 
 
Carter H, Jones AM, Barstow TJ, Burnley M, Williams C & Doust JH. (2000). Effect of 
endurance training on oxygen uptake kinetics during treadmill running. J Appl 
Physiol 89, 1744-1752. 
 
Carter H, Jones AM & Doust JH. (1999). Effect of six weeks endurance training on the 
lactate mimimum speed. Journal of Sports Science 17, 957-967. 
 
Casaburi R, Storer TW, Ben-Dov I & Wasserman K. (1987). Effect of endurance training 
on possible determinants of VO2 during heavy exercise. J Appl Physiol 62, 199-207. 
 
Caso P, D'Andrea A, Galderisi M, Liccardo B, Severino S, De Simone L, Izzo A, D'Andrea 
L & Mininni N. (2000). Pulsed doppler tissue imaging in endurance athletes: 
Relation between left ventricular preload and myocardial regional diastolic function. 
Am J Cardiol 85, 1131-1136. 
 
Chan NP, Sung RY, Kong AP, Goggins WB, So HK & Nelson EAS. (2008). Reliability of 
pubertal self-assessment in Hong Kong Chinese children. Journal of Paediatrics 
and Child Health 44, 353-358. 
 
Charloux A, Lonsdorfer-Wolf E, Richard R, Lampert E, Oswald-Mammosser M, Mettauer 
B, Geny B & Lonsdorfer J. (2000). A new impedance cardiograph device for the 
non-invasive evaluation of cardiac output at rest and during exercise: comparison 
with the "direct" Fick method. Eur J Appl Physiol 82, 313-320. 
 
Chia M. (1998a). Anaerobic fitness of young people. In School of Sport and Health 
Sciences, pp. 314. University of Exeter, Exeter. 
 
181 
 
Chia M. (1998b). Anaerobic fitness of young people. In Education. University of Exeter, 
Exeter. 
 
Chia M. (2006). Aerobic energy contribution to maximal exercise in children. Biol Sport 
23, 117-125. 
 
Chia M & Armstrong N. (2007). Maximal Intensity Exercise. In Paediatric Exercise 
Physiology, ed. Armstrong N, pp. 99-117. Churchill Livingstone Elsevier, 
Philladelphia. 
 
Chia M, Armstrong N & Childs D. (1997). The assessment of children's anaerobic 
performance using modifications of the Wingate Anaerobic Test. Pediatr Exerc Sci 
9, 80-89. 
 
Chilibeck PD, Paterson DH, Petrella RJ & Cunningham DA. (1996). The influence of age 
and cardiorespiratory fitness on kinetics of oxygen uptake. Can J Appl Physiol 21, 
185-196. 
 
Clausen JP. (1977). Effect of Physical Training on Cardiovascular Adjustments to Exercise 
in Man. Physiological Reviews 57, 779-815. 
 
Cleuziou C, Lecoq AM, Candau R, Courteix D, Guenon P & Obert P. (2002). Kinetics of 
oxygen uptake at the onset of moderate and heavy exercise in trained and untrained 
prepubertal children. Sci Sports 17, 291-296. 
 
Cleuziou C, Perrey S, Borrani F, Lecoq AM, Candau R, Courteix D & Obert P. (2003). 
Dynamic responses of O2 uptake at the onset and end of exercise in trained subjects. 
Can J Appl Physiol 28, 630-641. 
 
Coggan AR & Costill DL. (1984). Biological and technological variability of three 
anaerobic ergometer tests. Int J Sports Med 3, 142-145. 
 
Conley DL & Krahenbuhl GS. (1980). Running economy and distance running 
performance of highly trained athletes. Med Sci Sports Exerc 12, 357-360. 
 
Conley DL, Krahenbuhl GS, Burkett L & al. e. (1984). Following Steve Scott: 
physiological changes accompanying training. The physican and sports medicine 
12, 103-106. 
 
Connett RJ, Honig CR, Gayeski TE & Brooks GA. (1990). Defining hypoxia: a systems 
view of VO2, glycolysis, energetics, and intracellular PO2. J Appl Physiol 57, 1545-
1550. 
 
Cooper DM, Berry C, Lamarra N & Wasserman K. (1985). Kinetics of oxygen-uptake and 
heart-rate at onset of exercise in children. J Appl Physiol 59, 211-217. 
 
Cooper DM & Weiler-Ravell D. (1984). Gas Exchange Response to Exercise in Children. 
American Review of Respiratory Diseases 129, 547-548. 
182 
 
 
Cooper DM, Weilerravell D, Whipp BJ & Wasserman K. (1984). Aerobic parameters of 
exercise as a function of body size during growth in children. J Appl Physiol 56, 
628-634. 
 
Costill DL, Daniels J, Evans W, Fink W, Krahenbuhl G & Saltin B. (1976). Skeletal muscle 
enzymes and fiber composition in male and female track athletes. J Appl Physiol 40, 
149-154. 
 
Costill DL, Thomason H & Roberts E. (1973). Fractional utilization of aerobic capacity 
during distance running. Med Sci Sports Exerc 5, 248-252. 
 
Counil FP, Varray A, Matecki S, Beurey A, Marchal P, Voisin M & Prefaut C. (2003). 
Training of aerobic and anaerobic fitness in children with asthma. J Pediatr 142, 
179-184. 
 
Coyle EF. (2005). Improved muscular efficiency displayed as Tour de France champion 
matures. J Appl Physiol 98, 2191-2196. 
 
Coyle EF, Feltners ME, Kautz SA, Hamilton MT, Montain SJ, Baylor AM, Abraham LD & 
Petrek GW. (1991). Physiological and biomechanical factors associated with elite 
endurance cycling performance Med Sci Sports Exerc 23, 97 - 107. 
 
Crawford MH, Petru MA & Rabinowitz C. (1985). Effect of isotonic exercise on left 
ventricular volume during upright exercise. Circulation 72, 1237-1243. 
 
Crow MT & Kushmerick MJ. (1982). Chemical energetics of slow-twitch and fast-twitch 
muscles of the mouse. J Gen Physiol 79, 147-166. 
 
Cumming GR. (1973). Correlation of athlete performance and aerobic power in 12- to 17-
year-old children with bone age, calf muscle, total body potassium, heart volume 
and two indicies of anaerobic power. In Pediatric Work Physiology, ed. Bar-Or O, 
pp. 109-134. Wingate Institute, Natanya. 
 
Daly RM, Rich PA & Klein R. (1998). Hormonal responses to physical training in high-
level peripubertal male gymnasts. Eur J Appl Physiol Occup Physiol 79, 74-81. 
 
Daniels J & Daniels N. (1992). Running economy of elite male and elite female runners. 
Med Sci Sports Exerc 24, 483-489. 
 
Daniels J & Oldridge N. (1971). Changes in oxygen consumption of young boys during 
growth and running training. Med Sci Sport Exerc 3, 161-165. 
 
Daniels J, Oldridge N, Nagle FJ & White B. (1978). Differences and changes in VO2 
among young runners 10 to 18 years of age. Medicine & Science in Sports & 
Exercise 10, 200-203. 
 
183 
 
Danis A, Kyriazis Y & Klissouras V. (2003). The effect of training in male prepubertal and 
pubertal monozygotic twins. Eur J Appl Physiol 89, 309-318. 
 
Daussin FN, Ponsot E, Dufour SP, Lonsdorfer-Wolf E, Doutreleau S, Geny B, Piquard F & 
Richard R. (2007). Improvement of VO2 (max), by cardiac output and oxygen 
extraction adaptation during intermittent versus continuous endurance training. Eur 
J Appl Physiol 101, 377-383. 
 
Davies CTM, Barnes C & Godfrey S. (1972). Body composition and maximal exercise 
performance in children. Hum Biol 44, 195-&. 
 
Davis JA. (1985). Anaerobic threshold - review of the concept and directions for future-
research. Med Sci Sports Exerc 17, 6-18. 
 
Davis JA, Frank M, Whipp BJ & Wasserman K. (1979). Anaerobic threshold alterations 
caused by endurance training in middle aged men. J Appl Physiol 46, 1039-1046. 
 
Davis JA, Vodak P, Wilmore JH, Vodak J & Kurtz P. (1976). Anaerobic threshold and 
maximal aerobic power for 3 modes of exercise. J Appl Physiol 41, 544-550. 
 
Dawson B, Fitzsimons M, Green S, Goodman C, Carey M & Cole K. (1998). Changes in 
performance, muscle metabolites, enzymes and fibre types after short sprint 
training. Eur J Appl Physiol 78, 163-169. 
 
Deblasi RA, Ferrari M, Natali A, Conti G, Mega A & Gasparetto A. (1994). Noninvasive 
measurement of forearm blood-flow and oxygen-consumption by near-infrared 
spectroscopy. J Appl Physiol 76, 1388-1393. 
 
Deblasi RA, Quaglia E & Ferrari M. (1991). Skeletal-muscle oxygenation monitoring by 
near-infrared spectroscopy. Biochemistry International 25, 241-248. 
 
Dekerle J, Baron B, Dupont L, Vanvelcenaher J & Pelayo P. (2003). Maximal lactate 
steady state, respiratory compensation threshold and critical power. Eur J Appl 
Physiol 89, 281-288. 
 
DeLorey DS, Kowalchuk JM & Paterson DH. (2003). Relationship between pulmonary O2 
uptake kinetics and muscle deoxygenation during moderate-intensity exercise. J 
Appl Physiol 95, 113-120. 
 
DeLorey DS, Kowalchuk JM & Paterson DH. (2004). Effects of prior heavy-intensity 
exercise on pulmonary O2 uptake and muscle deoxygenation kinetics in young and 
older adult humans. J Appl Physiol 97, 998-1005. 
 
Demarle AP, Slawinski JJ, Laffite LP, Bocquet VG, Koralsztein JP & Billat VL. (2001). 
Decrease of O2 deficit is a potential factor in increased time to exhaustion after 
specific endurance training. J Appl Physiol 90, 947-953. 
 
184 
 
Demura S, Yamaji S & Yamada T. (2007). Comparison of oxygenation kinetics measured 
by different placements of the NIRS probe during sustained isometric gripping. 
Sport Sciences for Health 2, 71-75. 
 
DiBello V, Santoro G, Talarico L, DiMuro C, Caputo MT, Giorgi D, Bertini A, Bianchi M 
& Giusti C. (1996). Left ventricular function during exercise in athletes and in 
sedentary men. Med Sci Sports Exerc 28, 190-196. 
 
Dickhuth HH, Yin L, Niess A, Rocker K, Mayer F, Heitkamp HC & Horstmann T. (1999). 
Ventilatory, lactate-derived and catecholamine thresholds during incremental 
treadmill running: relationship and reproducability. Int J Sports Med 20, 122-127. 
 
Diprampero PE, Capelli C, Pagliaro P, Antonutto G, Girardis M, Zamparo P & Soule RG. 
(1993). Energetics of best performances in middle-distance running. J Appl Physiol 
74, 2318-2324. 
 
Dollman J, Norton K & Notron L. (2005). Evidence for secular trends in children's physical 
activity behaviour. Br J Sports Med 39, 892-897. 
 
Donovan CM & Pagliassotti MJ. (1989). Endurance training enhances lactate clearance 
during hyperlactatemia. American Journal of Physiology 73, E782-789. 
 
Duché P, Falgairette G, Bedu M, Lac G, Robert A & Coudert J. (1993). Analysis of 
performance of prepubertal swimmers assessed from anthropometric and bio-
energetic characteristics. Eur J Appl Physiol Occup Physiol 66, 467-471. 
 
Earnest CP, Wharton RP, Church TS & Lucia A. (2005). Reliability of the Lode Excalibur 
Sport ergometer and applicability to computrainer electromagnetically braked 
cycling training device. J Strength Cond Res 19, 344-348. 
 
Eisenmann PA & Golding LA. (1975). Comparison of effects of training on VO2 max in 
girls and young women. Med Sci Sport Exerc 7, 136-138. 
 
Ekblom B. (1969). Effect of physical training in adolescent boys. J Appl Physiol 27, 350-
355. 
 
Ekblom B, Astrand PO, Saltin B, Stenberg J & Wallstrom B. (1968). Effect of training on 
circulatory response to exercise. J Appl Physiol 24, 518-528. 
 
Eliakim A, Barstow TJ, Brasel JA, Ajie H, Lee WNP, Renslo R, Berman N & Cooper DM. 
(1996). Effect of exercise training on energy expenditure, muscle volume, and 
maximal oxygen uptake in female adolescents. J Pediatr 129, 537-543. 
 
Engelen M, Porszasz J, Riley M, Wasserman K, Maehara K & Barstow TJ. (1996). Effects 
of hypoxic hypoxia on O2 uptake and heart rate kinetics during heavy exercise. J 
Appl Physiol 81, 2500-2508. 
 
185 
 
Eriksson BO, Gollnick PD & Saltin B. (1973). Muscle metabolism and enzyme activities 
after training in boys 11-13 years old. Acta Physiol Scand 87, 485-497. 
 
Eston RG, Hawes M, Martin A & Reilly T. (2009). Human body composition. In 
Kinanthropometry and Exercise Physiology Laboratory Manual: Tests, Procedures 
and Data: 1, 3rd edn, ed. Eston RG & Reilly T, pp. 3-53. Routledge, Oxon. 
 
Farrell PA, Wilmore JH, Coyle EF, Billing JE & Costill DL. (1979). Plasma lactate 
accumulation and distance running performance. Med Sci Sports Exerc 11, 338-344. 
 
Favier RJ, Constable SH, Chen M & Holloszy JO. (1986). Endurance exercise training 
reduces lactate production. J Appl Physiol 61, 885-889. 
 
Fawkner S & Armstrong N. (2002). Assessment of critical power with children. Pediatr 
Exerc Sci 14, 259-268. 
 
Fawkner S & Armstrong N. (2003a). Oxygen uptake kinetic response to exercise in 
children. Sports Med 33, 651-669. 
 
Fawkner S & Armstrong N. (2004a). Longitudinal changes in the kinetic response to 
heavy-intensity exercise in children. J Appl Physiol 97, 460-466. 
 
Fawkner S & Armstrong N. (2004b). Modelling the VO2 kinetic response to heavy intensity 
exercise in children. Ergonomics 47, 1517-1527. 
 
Fawkner S & Armstrong N. (2004c). Sex differences in the oxygen uptake kinetic response 
to heavy-intensity exercise in prepubertal children. Eur J Appl Physiol 93, 210-216. 
 
Fawkner S & Armstrong N. (2007). Can we confidently study VO2 kinetics in young 
people? J Sport Sci Med 6, 277-285. 
 
Fawkner S, Armstrong N, Potter CR & Welsman J. (2002). Oxygen uptake kinetics in 
children and adults after the onset of moderate-intensity exercise. J Sports Sci 20, 
319-326. 
 
Fawkner SG & Armstrong N. (2003b). The Slow-component Response of VO2 to Heavy 
Intensity Exercise in Children. In Kinanthropometry VIII, ed. Reilly T, Marfell-
Jones, M., pp. 105-113. Routledge. 
 
Ferguson S, Gledhill N, Jamnick VK, Wiebe CG & Payne N. (2001). Cardiac performance 
in endurance-trained and moderately active young women. Medicine And Science In 
Sports 33, 1114-1119. 
 
Ferrari M, Binzoni T & Quaresima V. (1997). Oxidative metabolism in muscle. Philos 
Trans R Soc Lond Ser B-Biol Sci 352, 677-683. 
 
Ferreira LF, Koga S & Barstow TJ. (2007). Dynamics of noninvasively estimated 
microvascular O2 extraction during ramp exercise. J Appl Physiol 103, 1999-2004. 
186 
 
 
Ferreira LF, Townsend DK, Lutjemeier BJ & Barstow TJ. (2005). Muscle capillary blood 
flow kinetics estimated from pulmonary O2 uptake and near-infrared spectroscopy. 
J Appl Physiol 98, 1820-1828. 
 
Figueira TR, Caputo F, Machado CEP & Denadai BS. (2008). Aerobic fitness level typical 
of elite athletes is not associated with even faster VO2 kinetics during cycling 
exercise. J Sport Sci Med 7, 132-138. 
 
Fitts RH, Booth FW, Winder WW & Holloszy JO. (1975). Skeletal muscle respiratory 
capacity, endurance and glycogen utilisation. American Journal of Physiology 228, 
1029-1033. 
 
Forbes SC, Slade JM & Meyer RA. (2008). Short-term high-intensity interval training 
improves phosphocreatine recovery. Appl Physiol Nutr Metab 33, 1124-1131. 
 
Fouquet R & Poty P. (1982). Effect of 40 weeks of endurance training on anaerobic 
threshold. Int J Sports Med 3, 208-214. 
 
Fournier M, Ricci J, Taylor AW, Ferguson RJ, Montpetit RR & Chaitman BR. (1982). 
Skeletal-muscle adaptation in adolescent boys - sprint and endurance training and 
detraining. Med Sci Sports Exerc 14, 453-456. 
 
Freund H, Lonsdorfer J, Oyono-Enguelle S, Lonsdorfer A & Bogui P. (1992). Lactate 
exchange and removal abilities in sickle cell patients and in trained and untrained 
healthy humans. J Appl Physiol 73, 2580-2587. 
 
Fukuoka Y, Grassi B, Conti M, Guiducci D, Sutti M, Marconi C & Cerretelli P. (2002). 
Early effects of exercise training on VO2 on- and off-kinetics in 50-year-old 
subjects. Pflugers Archiv-European Journal of Physiology 443, 690-697. 
 
Gaisl G & Buchberger J. (1984). Changes in aerobic-anaerobic transition in boys after 3 
years in special physical education. In Children and Sport, ed. Ilmarinen J & 
Valimaki I, pp. 156-161. Springer-Verlag, New York. 
 
George KP, Wolfe LA & Burggraf GW. (1991). The athletic heart syndrome - a critical 
review. Sports Med 11, 300-330. 
 
Gollnick PD, Saltin B, Saubert CW, Armstron.Rb & Piehl K. (1972). Enzyme-activity and 
fiber composition in skeletal-muscle of trained and untrained men. J Appl Physiol 
33, 312-&. 
 
Goodman JM, Liu PP & Green HJ. (2005). Left ventricular adaptations following short-
term endurance training. J Appl Physiol 98, 454-460. 
 
Granier P, Mercier B, Mercier J, Anselme F & Prefaut C. (1995). Aerobic and anaerobic 
contribution to wingate test-performance in sprint and middle-distance runners. Eur 
J Appl Physiol Occup Physiol 70, 58-65. 
187 
 
 
Grassi B, Pogliaghi S, Rampichini S, Quaresima V, Ferrari M, Marconi C & Cerretelli P. 
(2003). Muscle oxygenation and pulmonary gas exchange kinetics during cycling 
exercise on-transitions in humans. J Appl Physiol 95, 149-158. 
 
Grassi B, Poole DC, Richardson RS, Knight DR, Erickson BK & Wagner PD. (1996). 
Muscle O2 uptake kinetics in humans: Implications for metabolic control. J Appl 
Physiol 80, 988-998. 
 
Gregory JW, Greene SA, Scrimgeour CM & Rennie MJ. (1991). Body water measurement 
in growth disorders: a comparison of bioelectrical impedance and skinfold thickness 
techniques with isotope dilution. Archives ofDisease in Childhood 66, 220-222. 
 
Grodjinovsky A, Inbar O, Dotan O & Bar-Or O. (1981). Training effect on the anaerobic 
performance of children as measured by the Winagte anaerobic test. In Children 
and Exercise IX, ed. Berg K & Eriksson BO, pp. 139-145. Univeristy Park Press, 
Baltimore, MD. 
 
Guglielmo LGA & Denadai BS. (2000). Assessment of anaerobic power of swimmers: The 
correlation of laboratory tests on an arm ergometer with field tests in a swimming 
fool. J Strength Cond Res 14, 395-398. 
 
Guiraud T, Leger L, Long A, Thebault N, Tremblay J & Passelergue P. (2010). Vo2 
requirement at different displayed power outputs on five cycle ergometer models: a 
preliminary study. Br J Sports Med 44, 449-454. 
 
Haffor ASA, Harrison AC & Kirk PAC. (1990). Anaerobic threshold alterations caused by 
interval training in 11-year-olds. J Sports Med Phys Fit 30, 53-56. 
 
Hansen L, Bangsbo J, Twisk J & Klausen K. (1999). Development of muscle strength in 
relation to training level and testosterone in young male soccer players. J Appl 
Physiol 87, 1141-1147. 
 
Haskell WL, Lee I, Pate RR, Powell KE, Blair SN, Franklin BA, Macera CA, Heath GW, 
Thompson PD & Bauman A. (2007). Physical activity and public health: updated 
recommendation for adults from the American College of Sports Medicine and the 
American Heart Association. Med Sci Sport Exerc 39, 1423-1434. 
 
Hawley JA & Williams MM. (1991). Relationship between upper body anaerobic power 
and freestyle swimming performance. Int J Sports Med 12, 1-5. 
 
Hawley JA, Williams MM, Vickovic MM & Handcock PJ. (1992). Muscle power predicts 
freestyle swimming performance. Br J Sports Med 26, 151-155. 
 
Haycock GB, Schwartz GJ & Wisotsky DH. (1978). Geometric method of measuring body 
surface area. J Pediatr 93, 62-66. 
 
188 
 
Health NIo. (1993). Children and Minors. In Protecting Human Subjects, Institutional 
Review Guidebook NIH's Office for Human Research Protections  
 
Hebestreit H, Kriemler S, Hughson RL & Bar-Or O. (1998). Kinetics of oxygen uptake at 
the onset of exercise in boys and men. J Appl Physiol 85, 1833-1841. 
 
Hebestreit H, Staschen B & Hebestreit A. (2000). Ventilatory threshold: a useful measure 
to determine aerobic fitness in children? Medicine And Science In Sports 32, 1964-
1969. 
 
Hemery D. (1988). Should a child specialise in just one sport? The pursuit of sporting 
excellence: A study of sport's highest achievers. Human Kinetics, Champaign, Il. 
 
Henry FM. (1951). Aerobic oxygen consumption and alactic debt in muscular work. J Appl 
Physiol 3, 427-438. 
 
Hill AV & Lupton H. (1923). Muscular exercise, lactic acid, and the supply and utilization 
of oxygen. Q J Med 16, 135-171. 
 
Hill DW, Poole DC & Smith JC. (2002). The relationship between power and the time to 
achieve VO2max. Med Sci Sports Exerc 34, 709-714. 
 
Holander AP, de Groot G, van Ingen Schenau GJ, Kahman R & Toussaint HM. (1988). 
Contribution of the legs to propulsion in front crawl swimming In Swimming 
Science, ed. Ungerechts BE, Wilke K & Reischle K, pp. 39-43. Human Kinetics, 
Champaign, Il. 
 
Hollander EB, Meyers MC & LeUnes A. (1995). Psychological factors associated with 
overtraining: Implications for youth sport coaches. Journal of Sport Behaviour 18, 
3-20. 
 
Holloszy JO. (1967). Biochemical adaptations in muscle - effects of exercise on 
mitochondrial oxygen uptake and respiratory enzyme activity in skeletal muscle. J 
Biol Chem 242, 2278-&. 
 
Housh DJ, Housh TJ & Bauge SM. (1989). The accuracy of the critical power test for 
predicting time to exhaustion during cycle ergometry. Ergonomics 32, 997-1004. 
 
Howley ET, Bassett DR & Welch HG. (1995). Criteria for maximal oxygen uptake:review 
and commentary. Medicine and Science in Sports and Exercise 27, 1292-1301. 
 
Hughson RL, Shoemaker JK, Tschakovsky ME & Kowalchuk JM. (1996). Dependence of 
muscle VO2 on blood flow dynamics at onset of forearm exercise. J Appl Physiol 
81, 1619-1626. 
 
Hughson RL, Xing HC, Borkhoff C & Butler GC. (1991). Kinetics of ventilation and gas 
exchange during supine and upright cycle exercise. Eur J Appl Physiol Occup 
Physiol 63, 300-307. 
189 
 
 
Hulthén L, Bengtsson B, Sunnerhagen KS, Hallberg L, Grimby G & Johannsson G. (2001). 
GH Is Needed for the Maturation of Muscle Mass and Strength in Adolescents J 
Clin Endocrinol Metab 86, 4765-4770. 
 
Impellizzeri FM, Marcora SM, Rampinini E, Mognoni P & Sassi A. (2005). Correlations 
between physiological variables and performance in high level cross country off 
road cyclists. British Journal of Sports Medicine 39, 747-751. 
 
Inbar O, Ayalon A & Bar-Or O. (1974). Relationship between tests of anaerobic capacity 
and power. Isreal journal of medicine and sport 10, 290-291. 
 
Inbar O & Bar-Or O. (1977). Relationship of anaerobic and aerobic arm and leg capacities 
to swimming performance of 8-12 year old children. In Proc 7th Int Symp Pediatric 
Work Physiology, ed. Shephard R & Lavellee R, pp. 283-292. Pelican, Quebec. 
 
Inbar O & Bar-Or O. (1986). Anaerobic characteristics in male-children and adolescents. 
Med Sci Sports Exerc 18, 264-269. 
 
Inbar O, Bar-Or O & Skinners JS. (1996). The Wingate anaerobic test. Human Kinetics, 
Champaign, Il. 
 
Ingle L, Sleap M & Tolfrey K. (2006). The effect of a complex training and detraining 
programme on selected strength and power variables in early pubertal boys. J Sports 
Sci 24, 987-997. 
 
Ivey FM, Hafer-Macko CE & Macko RF. (2008). Exercise training for cardiometabolic 
adaptation after stroke. J Cardiopulm Rehabil Prev 28, 2-11. 
 
Jacobs I, Esbjornsson M, Sylven C, Holm I & Jansson E. (1987). Sprint training effects on 
muscle myoglobin, enzymes, fiber types, and blood lactate. Med Sci Sports Exerc 
19, 368-374. 
 
Jenkins DG & Quigley BM. (1990). Blood lactate in trained cyclists during cycle 
ergometry at critical power. Eur J Appl Physiol Occup Physiol 61, 278-283. 
 
Johnson MA, Polgar J, Weightma.D & Appleton D. (1973). Data on distribution of fiber 
types in 36 human muscles - autopsy study. J Neurol Sci 18, 111-129. 
 
Jones AM. (1998). A five year physiological case study of an Olympic runner. British 
Journal of Sports Medicine 32, 39-43. 
 
Jones AM. (2006). The physiology of the world record holder for the Women's marathon. 
International Journal of Sports Science and Coaching 1, 101-116. 
 
Jones AM, Berger NJA, Wilkerson DP & Roberts CL. (2006). Effects of "priming" 
exercise on pulmonary O2 uptake and muscle deoxygenation kinetics during heavy-
190 
 
intensity cycle exercise in the supine and upright positions. J Appl Physiol 101, 
1432-1441. 
 
Jones AM & Burnley M. (2005). Effect of exercise modality on VO2 kinetics. In Oxygen 
Uptake Kinetics in Sport, Exercise and Medicine, ed. Jones AM & Poole DC, pp. 
95-114. Routledge, London. 
 
Jones AM & Carter H. (2000). The effect of endurance training on parameters of aerobic 
fitness. Sports Med 29, 373-386. 
 
Jones AM, Carter H, Pringle JSM & Campbell IT. (2002). Effect of creatine 
supplementation on oxygen uptake kinetics during submaximal cycle exercise. J 
Appl Physiol 92, 2571-2577. 
 
Jones AM & Doust JH. (1998). The validity of the lactate minimum test for determination 
of the maximal lactate steady state. Med Sci Sports Exerc 30, 1304-1313. 
 
Jones AM & Koppo K. (2005). Effect of training on VO2 kinetics and performance. In 
Oxygen Uptake Kinetics in Sport, Exercise and Medicine, ed. Jones AM & Poole 
DC, pp. 373-397. Routledge, London. 
 
Jones AM & Poole DC. (2005a). Introduction to oxygen uptake kinetics. In Oxygen Uptake 
Kinetics on Sport, Exercise and Medicine, ed. Jones AM & Poole DC, pp. 1-35. 
Routledge. 
 
Jones AM & Poole DC. (2005b). Oxygen Uptake Kinetics in Sport, Exercise and Medicine. 
Routledge, London. 
 
Jones S & Passfield L. (1998). The dynamic calibration of bicycle power measuring cranks. 
In The engineering of sport, ed. Haake SJ, pp. 265-274. Blackwell Science, Oxford. 
 
Jurimae J, Haljaste K, Cicchella A, Latt E, Purge P, Leppik A & Jurimae T. (2007). 
Analysis of swimming performance from physical, physiological, and 
biomechanical parameters in young swimmers. Pediatr Exerc Sci 19, 70-81. 
 
Kanaley JA & Boileau RA. (1988). The onset of the anaerobic threshold at 3 stages of 
physical maturity. J Sports Med Phys Fit 28, 367-374. 
 
Karlsson J, Saltin B, Jorfeldt L & Nordesjo LO. (1972). Muscle lactate, ATP, and CP levels 
during exercise after physical training in man. J Appl Physiol 33, 199-203. 
 
Katch VL. (1983). Physical conditioning of children. J Adolesc Health 3, 241-246. 
 
Katch VL, Sady SS & Freedson PS. (1982). Biological variability in maximum aerobic 
power. Medicine & Science in Sports & Exercise 14, 21-25. 
 
Kavanagh MF & Jacobs I. (1988). Breath-by-breath oxygen consumption during 
performance of the Wingate Test. Can J Sports Sci 13, 91-93. 
191 
 
 
Kell RT, Farag M & Bhambhani YN. (2004). Reliability of erector spinae oxygenation and 
blood volume responses using near-infrared spectroscopy in healthy males. Eur J 
Appl Physiol 91, 499-507. 
 
Kilding AE & Jones AM. (2008). VO2 'overshoot' during moderate-intensity exercise in 
endurance-trained athletes: The influence of exercise modality. Respir Physiol 
Neuro 160, 139-146. 
 
Kin-Isler A & Kosar SN. (2006). Effects of step aerobics on anerobic performance of men 
and women. J Strength Cond Res 20, 366-371. 
 
Kobayashi K, Kitamura K, Miura M, Sodeyama H, Miyashita M & Matsui H. (1978). 
Aerobic power as related to body growth in Japanese boys: a longitudinal study. J 
Appl Physiol 44, 666-672. 
 
Koga S, Shiojiri T, Shibasaki M, Fukuba Y, Fukuoka Y & Kondo N. (1996). Kinetics of 
oxygen uptake and cardiac output at onset of arm exercise. Respir Physiol 103, 195-
202. 
 
Koga S, Shiojiri T, Shibasaki M, Kondo N, Fukuba Y & Barstow TJ. (1999). Kinetics of 
oxygen uptake during supine and upright heavy exercise. J Appl Physiol 87, 253-
260. 
 
Komiyama T, Quaresima V, Shigematsu H & Ferrari M. (2001). Comparison of two 
spatially resolved near-infrared photometers in the detection of tissue oxygen 
saturation: poor reliability at very low oxygen saturation. Clin Sci 101, 715-718. 
 
Koppo K & Bouckaert J. (2005). Prior arm exercise speeds the VO2 kinetics during arm 
exercise above the heart level. Med Sci Sports Exerc 37, 613-619. 
 
Koppo K, Bouckaert J & Jones AM. (2002). Oxygen uptake kinetics during high-intensity 
arm and leg exercise. Respir Physiol Neuro 133, 241-250. 
 
Koppo K, Bouckaert J & Jones AM. (2004). Effects of training status and exercise intensity 
on phase II VO2 kinetics. Med Sci Sports Exerc 36, 225-232. 
 
Kounalakis SN, Bayios IA, Koskolou MD & Geladas ND. (2008). Anaerobic capacity of 
the upper arms in top-level team handball players. Int J Sport Physiol Perform 3, 
251-261. 
 
Kounalakis SN, Koskolou MD & Geladas ND. (2009). Oxygen saturation in the triceps 
brachii muscle during an arm Wingate test: the role of training and power output. 
Res Sports Med 17, 171-181. 
 
Kraemer WJ, Fry AC, Frykman PN, Conroy B & Hoffman JR. (1989). Resistance training 
and youth. Pediatr Exerc Sci 1, 336-350. 
 
192 
 
Krip B, Gledhill N, Jamnik V & Warburton D. (1997). Effect of alterations in blood 
volume on cardiac function during maximal exercise. Med Sci Sports Exerc 29, 
1469-1476. 
 
Krustrup P, Hellsten Y & Bangsbo J. (2004). Intense interval training enhances human 
skeletal muscle oxygen uptake in the initial phase of dynamic exercise at high but 
not at low intensities. J Physiol-London 559, 335-345. 
 
Krustrup P, Jones AM, Wilkerson DP, Calbet JAL & Bangsbo J. (2009). Muscular and 
pulmonary O2 uptake kinetics during moderate- and high-intensity sub-maximal 
knee-extensor exercise in humans. J Physiol-London 587, 1843-1856. 
 
Krustrup P, Secher NH, Relu MU, Hellsten Y, Soderlund K & Bangsbo J. (2008). 
Neuromuscular blockade of slow twitch muscle fibres elevates muscle oxygen 
uptake and energy turnover during submaximal exercise in humans. J Physiol-
London 586, 6037-6048. 
 
Kuno SY, Takahashi H, Fujimoto K, Akima H, Miyamaru M, Nemoto I, Itai Y & Katsuta 
S. (1995). Muscle metabolism during exercise using P-31 nuclear-magentic-
resonance spectroscopy in adolescents. Eur J Appl Physiol Occup Physiol 70, 301-
304. 
 
Lagrange F. (1889). Training. In Physiology of bodily exercise, pp. 210 - 223. Kegan Paul, 
Trench & Co, London. 
 
Lakomy HKA. (1986). Measurement of work and power output using friction-loaded cycle 
ergometers. Ergonomics 30, 627-637. 
 
Lamarra N, Whipp BJ, Ward SA & Wasserman K. (1987). Effect of Interbreath 
Fluctuations on Characterizing Exercise Gass Exchange Kinetics. Journal of 
Applied Physiology 62, 2003-2012. 
 
Larsen RG, Callahan DM, Foulis SA & Kent-Braun JA. (2009). In vivo oxidative capacity 
varies with muscle and training status in young adults. J Appl Physiol 107, 873-879. 
 
Laughlin MH & Roseguini B. (2008). Mechanisms for exercise training-induced increases 
in skeletal muscle blood flow capacity: differences with interval sprint training vs. 
aerobic endurance training. J Physiol and Pharmacol 59, 71-88. 
 
Liljedahl ME, Ingemar H, Christer S & Eva J. (1996). Different responses of skeletal 
muscle following sprint training in men and women. Eur J Appl Physiol 74, 375-
383. 
 
Linnarsson D. (1974). Dynamics of pulmonary gas-exchange and heart-rate changes at start 
and end of exercise. Acta Physiol Scand, 1-68. 
 
193 
 
Linossier MT, Dormois D, Perier C, Frey J, Geyssant A & Denis C. (1997). Enzyme 
adaptations of human skeletal muscle during bicycle short-sprint training and 
detraining. Acta Physiol Scand 161, 439-445. 
 
Loftin M, Boileau RA, Massey BH & Lohman TG. (1988). Effect of arm training on 
central and peripheral circulatory function. Med Sci Sports Exerc 20, 136-141. 
 
Londeree BR. (1986). The use of laboratory test-results with long-distance runners. Sports 
Med 3, 201-213. 
 
MacDonald M, Pedersen PK & Hughson RL. (1997). Acceleration of VO2 kinetics in 
heavy submaximal exercise by hyperoxia and prior high-intensity exercise. J Appl 
Physiol 83, 1318-1325. 
 
Macdougall JD. (1977). The anaerobic threshold: its significance for the endurance athlete. 
Canadian Journal of Sports Science 2, 137-140. 
 
MacDougall JD, Hicks AL, MacDonald JR, McKelvie RS, Green HJ & Smith KM. (1998). 
Muscle performance and enzymatic adaptations to sprint interval training. J Appl 
Physiol 84, 2138-2142. 
 
MacPhee SL, Shoemaker JK, Paterson DH & Kowalchuk JM. (2005). Kinetics of O2 
uptake, leg blood flow, and muscle deoxygenation are slowed in the upper 
compared with lower region of the moderate-intensity exercise domain. J Appl 
Physiol 99, 1822-1834. 
 
MacRae HSH, Dennis SC, Bosch AN & Noakes TD. (1992). Effects of training on lactate 
production and removal during progressive exercise in humans. J Appl Physiol 72, 
1649-1656. 
 
Mader A. (1991). Evaluation of the endurance performance of marathon runners and 
theoretical-analysis of test-results. J Sports Med Phys Fit 31, 1-19. 
 
Magel JR, Foglia GF, McArdle WD, Gutin B, Pechar GS & Katch FI. (1975). Specificity of 
swim training on maximum oxygen uptake. J Appl Physiol 38, 151-155. 
 
Mahler M. (1980). Kinetics and control of oxygen consumption in skeletal muscle. In 
Exercise bioenergetics and gas exchange, ed. Cerrerelli P & Whipp BJ, pp. 53-66. 
Elsevier Biomedical Press, Amsterdam. 
 
Mahon AD. (2008). Aerobic training. In Paediatric Exercise Science and Medicine, ed. 
Armstrong N & van Mechelen W, pp. 513-529. Oxford University Press, Oxford. 
 
Mahon AD & Cheatham CC. (2002). Ventilatory threshold in children: a review. Pediatr 
Exerc Sci 14, 16-29. 
 
194 
 
Mahon AD, Duncan GE, Howe CA & DelCorral P. (1997). Blood lactate and perceived 
exertion relative to ventilatory threshold: boys versus men. Med Sci Sports Exerc 
29, 1332-1337. 
 
Mahon AD, Gay JA & Stolen KQ. (1998). Differentiated ratings of perceived exertion at 
ventilatory threshold in children and adults. Eur J Appl Physiol Occup Physiol 78, 
115-120. 
 
Mahon AD & Vaccaro P. (1989). Ventilatory threshold and VO2max changes in children 
following endurance training. Med Sci Sports Exerc 21, 425-431. 
 
Mancini DM, Bolinger L, Li H, Kendrick K, Chance B & Wilson JR. (1994). Validation of 
near-infrared spectroscopy in humans. J Appl Physiol 77, 2740-2747. 
 
Mandigout S, Lecoq AM, Courteix D, Guenon P & Obert P. (2001). Effect of gender in 
response to an aerobic training programme in prepubertal children. Acta Paediatr 
90, 9-15. 
 
Martin JC, Milliken DC, Cobb JE, McFadden KL & Coggan AR. (1998). Validation of a 
mathematical model for road cycling power J Appl Biomech 14, 176-191. 
 
Marwood S, Roche D, Rowland TW, Garrard M & Unnithan V. (2010). Faster pulmonary 
oxygen uptake kinetics in trained versus untrained male adolescents. Med Sci Sport 
Exerc 42, 127-134. 
 
Masuda K, Takakura H, Furuichi Y, Iwase S & Jue T. (2010). NIRS measurement of O2 
dynamics in contracting blood and buffer perfused hindlimb muscle. In Oxygen 
Transport to Tissue XXXI, ed. Takahashi E & Bruley DF, pp. 323-328. Springer US, 
New York. 
 
Matcher SJ, Kirkpatrick P, Nahid K, Cope M & Delpy DT. (1995). Absolute quantification 
methods in tissue near-infrared spectroscopy. In Proc SPIE Vol 2389, p 486-495, 
Optical Tomography, Photon Migration, and Spectroscopy of Tissue and Model 
Media: Theory, Human Studies, and Instrumentation, Britton Chance; Robert R 
Alfano; Eds, ed. Chance B & Alfano RR, pp. 486-495. 
 
Matos N & Winsley RJ. (2007). Trainability of young athletes and overtraining. Journal of 
Sports Science and Medicine 6, 353-367. 
 
McKay BR, Paterson DH & Kowalchuk JM. (2009). Effect of short-term high-intensity 
interval training vs. continuous training on O2 uptake kinetics, muscle 
deoxygenation, and exercise performance. J Appl Physiol 107, 128-138. 
 
McManus AM, Armstrong N & Williams CA. (1997). Effect of training on the aerobic 
power and anaerobic performance of prepubertal girls. Acta Paediatr 86, 456-459. 
 
195 
 
Medbo JI, Mamen A, Holt Olsen O & Evertsen F. (2000). Examination of four different 
instruments for measuring blood lactate concentration. Scand J Clin Lab Invest 60, 
367-380. 
 
Meka N, Katragadda S, Cherian B & Arora RR. (2008). Endurance exercise and resistance 
training in cardiovascular disease. Ther Adv Cardiovasc Dis 2, 115-121. 
 
Mercier B, Mercier J, Granier P, Legallais D & Prefaut C. (1992). Maximal anaerobic 
power - relationship to anthropometric characteristics during growth. Int J Sports 
Med 13, 21-26. 
 
Mercier J, Vago P, Ramonatxo M, Bauer C & Prefaut C. (1987). Effect of aerobic training 
quantity on the VO2 max of circumpubertal swimmers. Int J Sports Med 8, 26-30. 
 
Meyer RA. (1988). A linear-model of muscle respiration explains monoexponential 
phosphocreatine changes. American Journal of Physiology 254, C548-C553. 
 
Meyer T, Georg T, Becker C & Kindermann W. (2001). Reliability of Gas Exchange 
Measurements from Two Different Spiroergometry Systems. Int J Sports Med 22, 
593,597. 
 
Meyer T, Lucia A, Earnest CP & Kindermann W. (2005). A conceptual framework for 
performance diagnosis and perscription from submaximal gas exchange parameters: 
theory and application. Int J Sports Med 26, S38-48. 
 
Micklewright D, Alkhatib A & Beneke R. (2006). Mechanically versus electro-
magnetically braked cycle ergometer: performance and energy cost of the Wingate 
Anaerobic Test. Eur J Appl Physiol 96, 748-751. 
 
Midgley AW, McNaughton LR & Wilkinson M. (2006). Is there an optimal training 
intensity for enhancing the maximal oxygen uptake of distance runners? Empirical 
research findings, current opinions, physiological rationale and practical 
recommendations. Sports Medicine 36, 117-132. 
 
Mirwald RL, Bailey DA, Cameron N & Rasmussen RL. (1981). Longitudinal comparison 
of aerobic power in active and inactive boys aged 7.0 to 17.0 years. Ann Hum Biol 
8, 405-414. 
 
Mirwald RL, Baxter-Jones ADG, Bailey DA & Beunen GP. (2002). An assessment of 
maturity from anthropometric measurements. Med Sci Sports Exerc 34, 689-694. 
 
Miyamoto Y, Hiura T, Tamura T, Nakamura T, Higuchi J & Mikami T. (1982). Dynamics 
of cardiac, respiratory, and metabolic function in men in response to step work load. 
J Appl Physiol 52, 1198-1208. 
 
Mogensen M, Bagger M, Pedersen PK, Fernstrom M & Sahlin K. (2006). Cycling 
efficiency in humans is related to low UCP3 content and to type I fibres but not to 
mitochondrial efficiency. J Physiol-London 571, 669-681. 
196 
 
 
Monger LS, Allchorn A & Doust JH. (1989). An automated bicycle ergometer system for 
the measurement of Wingate test indices with allowance for inertial and accelerative 
influences. Journal of Sports Science 7, 77-78. 
 
Morgan DW, Baldini FD, Martin PE & Kohrt WM. (1989). 10 kilometer performance and 
predicted velocity at VO2max among well-trained male runners. Med Sci Sports 
Exerc 21, 78-83. 
 
Morris NM & Udry JR. (1980). Validation of a self-administered instrument to assess stage 
of adolescent development. Journal of Youth and Adolescence 9, 271-280. 
 
Murias JM, Kowalchuk JM & Paterson DH. (2010). Time course and mechanisms of 
adaptations in cardiorespiratory fitness with endurance training in older and young 
men. J Appl Physiol 108, 621-627. 
 
Naughton G, Carlson J & Fairweather I. (1992). Determining the variability of performance 
on Wingate anaerobic tests in children aged 6-12 years. Int J Sports Med 13, 512-
517. 
 
Neumann G. (1990). Anrass ungen des Stoffwech sels unter dem Einflu  des sportlichen 
Trainings. In Sportmedizin, ed. Strauzenberg SE & Gürtler HH. Johann Ambrosius 
Baarth, Leipzig. 
 
Nindl BC, Mahar MT, Harman EA & Patton JF. (1995). Lower and upper-body anaerobic 
performance in male and female adolescent athletes. Med Sci Sports Exerc 27, 235-
241. 
 
Noordally O & Vincent JL. (1999). Evaluation of a new, rapid lactate analyzer in critical 
care. Intensive Care Medicine 25, 508-513. 
 
Norkowski H & Hucinski T. (2007). The influence of interval training on selected 
indicators of anaerobic efficiency in untrained men. Journal of Human Kinetics 18, 
63-72. 
 
Norrbrand L, Fluckey JD, Pozzo M & Tesch PA. (2008). Resistance training using 
eccentric overload induces early adaptations in skeletal muscle size. Eur J Appl 
Physiol 102, 271-281. 
 
Norris SA & Richter LM. (2005). Usefulness and Reliability of Tanner Pubertal Self-
Rating to Urban Black Adolescents in South Africa. Journal of Research on 
Adolescence 15, 609-624. 
 
Norris SR & Petersen SR. (1998). Effects of endurance training on transient oxygen uptake 
responses in cyclists. J Sports Sci 16, 733-738. 
 
Nottin S, Nguyen LD, Terbah M & Obert P. (2004). Left ventricular function in endurance-
trained children by tissue Doppler imaging. Med Sci Sports Exerc 36, 1507-1513. 
197 
 
 
Nottin S, Vinet A, Stecken F, N'Guyen LD, Ounissi F, Lecoq AM & Obert P. (2002a). 
Central and peripheral cardiovascular adaptations to exercise in endurance-trained 
children. Acta Physiol Scand 175, 85-92. 
 
Nottin S, Vinet A, Stecken F, Nguyen LD, Ounissi F, Lecoq AM & Obert P. (2002b). 
Central and peripheral cardiovascular adaptations during a maximal cycle exercise 
in boys and men. Med Sci Sports Exerc 34, 456-463. 
 
Obert P, Cleuziou C, Candau R, Courteix D, Lecoq AM & Guenon P. (2000). The slow 
component of O2 uptake kinetics during high-intensity exercise in trained and 
untrained prepubertal children. Int J Sports Med 21, 31-36. 
 
Obert P, Courteix D, Lecoq AM & Guenon P. (1996). Effect of long-term intense 
swimming training on the upper body peak oxygen uptake of prepubertal girls. Eur 
J Appl Physiol Occup Physiol 73, 136-143. 
 
Obert P, Mandigout M, Vinet A & Courteix D. (2001). Effect of a 13-week aerobic training 
programme on the maximal power developed during a force-velocity test in 
prepubertal boys and girls. Int J Sports Med 22, 442-446. 
 
Obert P, Mandigouts S, Nottin S, Vinet A, N'Guyen LD & Lecoq AM. (2003). 
Cardiovascular responses to endurance training in children: effect of gender. Eur J 
Clin Invest 33, 199-208. 
 
Obert P, Nottin S, Baquet G, Thevenet D, Gamelin FX & Berthoin S. (2009). Two months 
of endurance training does not alter diastolic function evaluated by TDI in 9-11-
year-old boys and girls. Br J Sports Med 43, 132-135. 
 
Obert P, Stecken F, Courteix D, Lecoq AM & Guenon P. (1998). Effect of long-term 
intensive endurance training on left ventricular structure and diastolic function in 
prepubertal children. Int J Sports Med 19, 149-154. 
 
Ogita F, Hara M & Tabata I. (1996). Anaerobic capacity and maximal oxygen uptake 
during arm stroke, leg kicking and whole body swimming. Acta Physiol Scand 157, 
435-441. 
 
Ostojic SM, Stojanovic M, Jukic I, Pasalic E & Jourkesh M. (2009). The effects of six 
weeks of training on physical fitness and performance in teenage and mature top-
level soccer players. Biol Sport 26, 379-387. 
 
Overend TJ, Paterson DH & Cunningham DA. (1992). The effect of interval and continous 
training on the aerobic parameters. Canadian Journal of Sport Sciences-Revue 
Canadienne Des Sciences Du Sport 17, 129-134. 
 
Ozmun JC, Mikesky AE & Surburg PR. (1994). Neuromuscular adaptations following 
prepubescent strength training. Med Sci Sports Exerc 26, 510-514. 
 
198 
 
Parra J, Cadefau JA, Rodas G, Amigo N & Cusso R. (2000). The distribution of rest 
periods affects performance and adaptations of energy metabolism induced by high-
intensity training in human muscle. Acta Physiol Scand 169, 157-165. 
 
Pate RR, Macera CA, Bailey SP, Bartoli WP & Powell KE. (1992). Physiological, 
anthropometric, and training correlates of running economy. Medicine & Science in 
Sports & Exercise 24, 1128-1133. 
 
Pate RR & Ward DS. (1996). Endurance trainability of children and youths. In The child 
and the adolescent athelete, ed. Bar-Or O, pp. 130-137. Blackwell Series, Oxford. 
 
Paterson DH, Cunningham DA & Donner A. (1981). The effect of different treadmill 
speeds on the variability of VO2 max in children. Eur J Appl Physiol Occup Physiol 
47, 113-122. 
 
Paterson DH, McLellan TM, Stella RS & Cunningham DA. (1987). Longitudinal study of 
ventilation threshold and maximal oxygen uptake in athletic boys. J Appl Physiol 
62, 2051-2057. 
 
Paterson DH & Whipp BJ. (1991). Asymmetries of oxygen-uptake transients at the onset 
and offset of heavy exercise in humans. J Physiol-London 443, 575-586. 
 
Patton JF & Duggan A. (1987). Upper and lower-body anaerobic power - comparison 
between biathletes and control subjects. Int J Sports Med 8, 94-98. 
 
Payne VG & Morrow JR. (1993). Exercise and VO2 max in children: A meta-analysis. Res 
Q Exerc Sport 64, 305-313. 
 
Payne VG, Morrow JR, Johnson L & Dalton SN. (1997). Resistance training in children 
and youth: A meta-analysis. Res Q Exerc Sport 68, 80-88. 
 
Pereira MIR, Gomes PSC & Bhambhani YN. (2005). Reliability of vastus lateralis 
oxygenation measured by near infrared spectroscopy during resistance exercise. 
Med Sci Sports Exerc 37, S265. 
 
Peronnet F & Aguilaniu B. (2006). Lactic acid buffering, nonmetabolic CO2 and exercise 
hyperventilation: A critical reappraisal. Respir Physiol Neuro 150, 4-18. 
 
Petray CK & Krahenbuhl GS. (1985). Running training, instructions on running technique 
and running economy in 10 year old males`. Res Q Exerc Sport 56, 251-255. 
 
Phillips SM, Green HJ, MacDonald MJ & Hughson RL. (1995). Progressive effect of 
endurance training on VO2 kinetics at the onset of submaximal exercise. J Appl 
Physiol 79, 1914-1920. 
 
Pianosi PT. (2004). Measurement of exercise cardiac output by thoracic impedance in 
healthy children. Eur J Appl Physiol 92, 425-430. 
 
199 
 
Pirnay F & Crielaard JM. (1979). Measure of anaerobic alactic power. Medicine of Sport 
53, 13-16. 
 
Pivarnik JM, Dwyer MC & Lauderdale MA. (1996). The reliability of aerobic capacity 
(VO2 max) testing in adolescent girls. Res Q Exerc Sport 67, 345-348. 
 
Pogliaghi S, Terziotti P, Cevese A, Balestreri F & Schena F. (2006). Adaptations to 
endurance training in the healthy elderly: arm cranking versus leg cycling. Eur J 
Appl Physiol 97, 723-731. 
 
Poole DC, Barstow TJ, McDonough P & Jones AM. (2008a). Control of oxygen uptake 
during exercise. Med Sci Sports Exerc 40, 462-474. 
 
Poole DC & Gaesser GA. (1985). Response of ventilatory and lactate thresholds to 
continuous and interval training. J Appl Physiol 58, 1115-1121. 
 
Poole DC, Gladden LB, Kurdak S & Hogan MC. (1994). L-(+)-Lactate infusion into 
working dog gastrocnemius - no evidence lactate per se mediates VO2 slow 
component. J Appl Physiol 76, 787-792. 
 
Poole DC & Jones AM. (2005). Towards an understanding of the mechanistic bases of VO2 
kinetics. In Oxygen Uptake Kinetics in Sport, Exercise and Medicine, ed. Jones AM 
& Poole DC, pp. 294-328. Routledge London. 
 
Poole DC, Kindig CA, Behnke BJ & Jones AM. (2005). Oxygen uptake kinetics in 
different species: a brief review. Equine Comp Exerc Physiol 2, 1-15. 
 
Poole DC & Richardson RS. (1997). Determinants of oxygen uptake. Implications for 
exercise testing. Sports Med 24, 308-320. 
 
Poole DC, Ward SA, Gardner GW & Whipp BJ. (1988). Metabolic and respiratory profile 
of the upper limit for prolonged exercise in man. Ergonomics 31, 1265-1279. 
 
Poole DC, Ward SA & Whipp BJ. (1990). The effects of training on the metabolic and 
respiratory profile of high-intensity cycle ergometer exercise. Eur J Appl Physiol 
Occup Physiol 59, 421-429. 
 
Poole DC, Wilkerson DP & Jones AM. (2008b). Validity of criteria for establishing 
maximal O2 uptake during ramp exercise tests. Eur J Appl Physiol 102, 403-410. 
 
Potter CR, Childs DJ, Houghton W & Armstrong N. (1999). Breath-to-breath "noise" in the 
ventilatory and gas exchange responses of children to exercise. Eur J Appl Physiol 
Occup Physiol 80, 118-124. 
 
Powers SK, Dodd S & Beadle RE. (1985). Oxygen uptake kinetics in trained athletes 
differing in VO2 max. Eur J Appl Physiol 54, 306-308. 
 
200 
 
Pringle JSM, Doust JH, Carter H, Tolfrey K, Campbell IT, Jones AM & Sakkas GK. 
(2003). Oxygen uptake kinetics during moderate, heavy and severe intensity 
'submaximal' exercise in humans: the influence of muscle fibre type and 
capillarisation. Eur J Appl Physiol 89, 289-300. 
 
Pringle JSM & Jones AM. (2002). Maximal lactate steady state, critical power and EMG 
during cycling. Eur J Appl Physiol 88, 214-226. 
 
Pyne DB, Boston T, Martin DT & Logan A. (2000). Evaluation of the Lactate Pro blood 
lactate analyser. Eur J Appl Physiol 82, 112-116. 
 
Ramsay JA, Blimkie CJR, Smith K, Garner S, Macdougall JD & Sale DG. (1990). Strength 
training effects in prepubescent boys. Med Sci Sports Exerc 22, 605-614. 
 
Reybrouck T, Deroost F & Van der Hauwaert LG. (1992). Evaluation of breath-by-breath 
measurement of respiratory gas exchange in pediatric exercise testing. Chest 102, 
147-152. 
 
Reybrouck T, Weymans M, Stijns H, Knops J & Hauwaert vd. (1985). Ventilatory anerobic 
threshold in children. Eur J Appl Physiol Occup Physiol 54, 278-284. 
 
Richard R, Lonsdorfer-Wolf E, Charloux A, Doutreleau S, Buchheit M, Oswald-
Mammosser M, Lampert E, Mettauer B, Geny B & Lonsdorfer J. (2001). Non-
invasive cardiac output evaluation during a maximal progressive exercise test, using 
a new impedance cardiograph device. Eur J Appl Physiol 85, 202-207. 
 
Rivera-Brown AM, Rivera MA & Frontera WR. (1992). Applicability of criteria for VO2 
max in active adolescents. Pediatr Exerc Sci 4, 331 - 339. 
 
Rodas G, Ventura JL, Cadefau JA, Cusso R & Parra J. (2000). A short training programme 
for the rapid improvement of both aerobic and anaerobic metabolism. Eur J Appl 
Physiol 82, 480-486. 
 
Rosler K, Hoppeler H, Conley KE, Claassen H, Gehr P & Howald H. (1985). Transfer 
effects in endurance exercise - adaptations in trained and untrained muscles. Eur J 
Appl Physiol Occup Physiol 54, 355-362. 
 
Ross A & Leveritt M. (2001). Long-term metabolic and skeletal muscle adaptations to 
short-sprint training: Implications for sprint training and tapering. Sports Med 31, 
1063-1082. 
 
Rossiter HB, Ward SA, Doyle VL, Howe FA, Griffiths JR & Whipp BJ. (1999). Inferences 
from pulmonary O2 uptake with respect to intramuscular [phosphocreatine] kinetics 
during moderate exercise in humans. J Physiol-London 518, 921-932. 
 
Rossiter HB, Ward SA, Kowalchuk JM, Howe FA, Griffiths JR & Whipp BJ. (2001). 
Effects of prior exercise on oxygen uptake and phosphocreatine kinetics during 
201 
 
high-intensity knee-extension exercise in humans. The Journal of Physiology 537, 
291-303. 
 
Rossiter HB, Ward SA, Kowalchuk JM, Howe FA, Griffiths JR & Whipp BJ. (2002). 
Dynamic asymmetry of phosphocreatine concentration and O2 uptake between the 
on- and off-transients of moderate- and high-intensity exercise in humans. J 
Physiol-London 541, 991-1002. 
 
Rotstein A, Dotan R, Baror O & Tenenbaum G. (1986). Effect of training on anaerobic 
threshold. maximal aerobic power and anaerobic performance of preadolescent 
boys. Int J Sports Med 7, 281-286. 
 
Rowell L. (1993). Human cardiovascular control. Oxford University Press, New York. 
 
Rowland T. (1997). The aerobic trainability of athletic and non-athletic children. In 
Exercise and fitness, benefits and risks: Children and Exercise XVIII, ed. Froberg 
K, pp. 182-190. Odense University Press, Odense. 
 
Rowland TW. (1985). Aerobic responses to endurance training in prepubescent children: A 
critical analysis. Med Sci Sport Exerc 17, 493-497. 
 
Rowland TW. (1989). Oxygen Uptake and Endurance Fitness in Children: a  
Developmental Perspective. Pediatric Exercise Science 1, 313-328. 
 
Rowland TW. (1990). Exercise and children's health. Human Kinetics, Champaign, Il. 
 
Rowland TW. (1992). Trainability of the cardiorespiratory system during childhood. 
Canadian Journal of Sport Sciences-Revue Canadienne Des Sciences Du Sport 17, 
259-263. 
 
Rowland TW. (2009). Endurance athletes' stroke volume response to progressive exercise: 
A critical review. Sports Med 39, 687-695. 
 
Rowland TW, Bougault V, Walther G, Nottin S, Vinett A & Obert P. (2009a). Cardiac 
responses to swim bench exercise in age-group swimmers and non-athletic children. 
J Sci Med Sport 12, 266-272. 
 
Rowland TW & Boyajian A. (1995). Aerobic response to endurance exercise training in 
children. Pediatrics 96, 654-658. 
 
Rowland TW, Delaney BC & Siconolfi SF. (1987). 'Athlete's Heart' in Prepubertal 
Children. Paediatrics 79, 800-804. 
 
Rowland TW, Garrard M, Marwood S, Guerra E, Roche D & Unnithan VB. (2009b). 
Myocardial performance during progressive exercise in athletic adolescent males. 
Med Sci Sports Exerc 41, 1721-1728. 
 
202 
 
Rowland TW, Goff D, Popowski B, DeLuca P & Ferrone L. (1998). Cardiac responses to 
exercise in child distance runners. Int J Sports Med 19, 385-390. 
 
Rowland TW & Green GM. (1988). Physiological-responses to treadmill exercise in 
females - adult-child differences. Med Sci Sports Exerc 20, 474-478. 
 
Rowland TW, Popowski B & Ferrone L. (1997). Cardiac responses to maximal upright 
cycle exercise in healthy boys and men. Med Sci Sports Exerc 29, 1146-1151. 
 
Rowland TW, Unnithan V, Fernhall B, Baynard T & Lange C. (2002). Left ventricular 
response to dynamic exercise in young cyclists. Med Sci Sports Exerc 34, 637-642. 
 
Rowland TW, Unnithan VB, Macfarlane NG, Gibson NG & Paton JY. (1994). Clinical 
manifestations of the athletes heart in prepubertal male runners. Int J Sports Med 
15, 515-519. 
 
Rowland TW, Verzeas MR & Walsh CA. (1991). Aerobic responses to walking training in 
sedentary adolescents. J Adolesc Health 12, 30-34. 
 
Rowland TW, Wehnert M & Miller K. (2000). Cardiac responses to exercise in competitive 
child cyclists. Med Sci Sports Exerc 32, 747-752. 
 
Russell AP, Wadley G, Hesselink MKC, Schaart G, Lo S, Leger B, Garnham A, Kornips E, 
Cameron-Smith D, Giacobino JP, Muzzin P, Snow R & Schrauwen P. (2003). 
UCP3 protein expression is lower in type I, IIa and IIx muscle fiber types of 
endurance-trained compared to untrained subjects. Pflugers Arch 445, 563-569. 
 
Ryan WJ, Sutton JR, Toews CJ & Jones NL. (1979). Metabolism Of Infused L(+)-Lactate 
During Exercise. Clin Sci 56, 139-146. 
 
Sahlin K. (1992). Metabolic factors in fatigue. Sports Med 13, 99-107. 
 
Salguero A & Gonzalez-Boto R. (2003). Identification of dropout reasons in young 
competitive swimmers. J Sports Med Phys Fit 43, 530-534. 
 
Saltin B & Gollnick PD. (1983). Skeletal muscle adaptability: significance for metabolism 
and performance. In Handbook of Physiology, ed. Peachy LD, pp. 555-631. 
Physiological Society, Bethesda, MD. 
 
Saltin B & Karlsson J. (1971). Muscle glycogen utilisation during work of different 
intensties. In Muscle Metabolism during Exercise, ed. Pernow B & Saltin B, pp. 
289-299. Plenum, New York. 
 
Saltin B, Nazar DL, Costill DL, Stein E, Jansson E, Essen B & Gollnick PD. (1976). The 
nature of the training response: peripheral and central adaptations in one legged 
exercise. Acta Physiol Scand 96, 289-305. 
 
203 
 
Santos AMC, Armstrong N, De Ste Croix MBA, Sharpe P & Welsman J. (2003). Optimal 
peak power in relation to age, body size, gender, and thigh muscle volume. Pediatr 
Exerc Sci 15, 406-418. 
 
Sargeant AJ, Dolan P & Thorne A. (1985). Effects of supplemental physical activity on 
body composition, aerobic and anaerobic power in 13-year-old boys. In Children 
and Exercise XI, ed. Binkhorst RA, Kemper HCG & Saris WHM, pp. 135-139. 
Human Kinetics, Champaign, Il. 
 
Savage MP, Petratis MM, Thomson WH, Berg K, Smith JL & Sady SP. (1986). Exercise 
training effects on serum lipids in prepubescent boys and adult men. Med Sci Sport 
Exerc 18, 197-204. 
 
Scheuermann-Freestone M, Madsen PL, Manners D, Blamire AM, Buckingham RE, Styles 
P, Radda GK, Neubar S & Clarke K. (2003). Abnormal cardiac and skeletal muscle 
energy metabolism in patients with type II diabetes. Circulation 107, 3040-3046. 
 
Scheuermann BW & Barstow TJ. (2003). O2 uptake kinetics during exercise at peak O2 
uptake. J Appl Physiol 95, 2014-2022. 
 
Schmitz KE, Hovell MF, Nichols JF, Irvin VL, Keating K, Simon GM, Gehrman C & 
Jones KL. (2004). A Validation Study of Early Adolescents’ Pubertal Self-
Assessments. The Journal of Early Adolescence 24, 357-384. 
 
Schneider DA, Wing AN & Morris NR. (2002). Oxygen uptake and heart rate kinetics 
during heavy exercise: a comparison between arm cranking and leg cycling. Eur J 
Appl Physiol 88, 100-106. 
 
Seiyama A, Hazeki O & Tamura M. (1988). Noninvasive quantitative analysis of blood 
oxygenation in rat skeletal muscle. J Biochem 103, 419-424. 
 
Serresse O, Ama PFM, Simoneau JA, Lortie G, Bouchard C & Boulay MR. (1989). 
Anaerobic performances of sedentary and trained subjects. Can J Sport Sci 14, 46-
52. 
 
Shadgan B, Reid WD, Gharakhanlou R, Stothers L & Macnab AJ. (2009). Wireless near-
infrared spectroscopy of skeletal muscle oxygenation and hemodynamics during 
exercise and ischemia. Spectroscopy 23, 233-241. 
 
Sharp RL, Troup JP & Costill DL. (1982). Relationship between power and sprint freestyle 
swimming Med Sci Sport Exerc 14, 53-56. 
 
Shephard RJ. (1992). Effectiveness of training programmes for prepubescent children. 
Sports Med 13, 194-213. 
 
Shoemaker JK, Phillips SM, Green HJ & Hughson RL. (1996). Faster femoral artery blood 
velocity kinetics at the onset of exercise following short-term training. Cardiovasc 
Res 31, 278-286. 
204 
 
 
Siegler J, Gaskill S & Ruby B. (2003). Changes evaluated in soccer-specific power 
endurance either with or without a 10-week, in-season, intermittent, high-intensity 
training protocol. J Strength Cond Res 17, 379-387. 
 
Sietsema KE, Bendov I, Zhang YY, Sullivan C & Wasserman K. (1994). Dynamics of 
oxygen uptake for submaximal exercise and recovery in patients with chronic heart-
failure. Chest 105, 1693-1700. 
 
Simon J, Young JL, Blood DK, Segal KR, Case RB & Gutin B. (1986). Plasma lactate and 
ventilation thresholds in trained and untrained cyclists. J Appl Physiol 60, 777-781. 
 
Slaughter MH, Lohman TG, Boileau RA, Horswill CA, Stillman RJ, Vanloan MD & 
Bemben DA. (1988). Skinfold equations for estimation of body fatness in children 
and youth. Hum Biol 60, 709-723. 
 
Smith PM, Amaral I, Doherty M, Price MJ & Jones AM. (2006a). The influence of ramp 
rate on VO2 peak and "excess" VO2 during arm crank ergometry. Int J Sports Med 
27, 610-616. 
 
Smith PM, McCrindle E, Doherty M, Price MJ & Jones AM. (2006b). Influence of crank 
rate on the slow component of pulmonary O2 uptake during heavy arm-crank 
exercise. Appl Physiol Nutr Metab 31, 292-301. 
 
Springer C, Barstow TJ, Wasserman K & Cooper DM. (1991). Oxygen-uptake and heart-
rate responses during hypoxic exercise in children and adults. Med Sci Sports Exerc 
23, 71-79. 
 
Stallknecht B, Vissing J & Galbo H. (1998). Lactate production and clearance in exercise. 
Effects of training. A mini-review. Scandinavian Journal of MEdicine and Science 
in Sports 8, 127-131. 
 
Starosta W. (1996). Selection of children in sport. In Current Research in Sport Sciences: 
An International Perspective, ed. Rogozkin V & Maughan RM, pp. 21-25. Plenum 
Press, London. 
 
Stickland MK, Welsh RC, Petersen SR, Tyberg JV, Anderson WD, Jones RL, Taylor DA, 
Bouffard M & Haykowsky MJ. (2006). Does fitness level modulate the 
cardiovascular hemodynamic response to exercise? J Appl Physiol 100, 1895-1901. 
 
Stoedefalke K, Armstrong N, Kirby BJ & Welsman JR. (2000). Effect of training on peak 
oxygen uptake and blood lipids in 13 to 14-year-old girls. Acta Paediatr 89, 1290-
1294. 
 
Stratton G & Williams CA. (2007). Children and fitness testing. In Sport and exercise 
physiology testing guidelines: the British Association of Sport and Exercise Science 
Guide, ed. Winter EM, Jones AM, Davison RC, Bromley PD & Mercer TH, pp. 321 
- 333. Routledge, New York. 
205 
 
 
Sumida KD, Urdiales JH & Donovan CM. (1993). Enhanced gluconeogenesis from lactate 
in perfused livers after endurance training. J Appl Physiol 264, E156-160. 
 
Suzuki S, Takasaki S, Ozaki T & Kobayashi Y. (1999). A tissue oxygenation monitor using 
NIR spatially resolved spectroscopy. Proceedings of SPIE, the International Society 
for Optical Engineering    3597, 582-592. 
 
Tan KH, Lai FO & Hwang NC. (2006). Measurement of cardiac output using Physio 
Flow® with different positions of electrode placement. Singapore Medical Journal 
47, 967-970. 
 
Tanaka K & Matsuura Y. (1984). Marathon performance, anaerobic threshold and onset of 
blood lactate accumulation. J Appl Physiol 57, 640-643. 
 
Tanner JM. (1962). Growth of Adolescence. Blackwell Scientific, Oxford. 
 
Taylor, Whincup, Hindmarsh, Lampe, Odoki & Cook. (2001). Performance of a new 
pubertal self-assessment questionnaire: a preliminary study. Paediatric and 
Perinatal Epidemiology 15, 88-94. 
 
Taylor DJ, Kemp GJ, Thompson CH & Radda GK. (1995). Ageing: Effects on oxidative 
function of skeletal muscle in vivo. In 1st Colloquium on Mitochondria and 
Myopathies, pp. 321-324. Kluwer Academic Publ, Halle, Germany. 
 
Tesch PA, Wright JE, Vogel JA, Daniels WL, Sharp DS & Sjodin B. (1985). The influence 
of muscle metabolic characteristics on physical performance. Eur J Appl Physiol 
Occup Physiol 54, 237-243. 
 
Thompson AM & Baxter-Jones ADG. (2002). Endurance training in young female athletes. 
Sports Med Arthrosc Rev 10, 33-41. 
 
Tolfrey K. (2007). Responses to training. In Paediatric Exercise Physiology, ed. Armstrong 
N, pp. 213-234. Churchill Livingstone Elsevier, Philadelphia. 
 
Tolfrey K. (2008). Maximal intensity exercise and strength training. In Paediatric Exercise 
Science and Medicine, ed. Armstrong N & Van Mechelen W, pp. 531 - 549. Oxford 
University Press, Oxford. 
 
Tolfrey K, Campbell IG & Batterham AM. (1998). Aerobic trainability of prepubertal boys 
and girls. Pediatr Exerc Sci 10, 248-263. 
 
Tordi N, Belli A, Mougin F, Rouillon JD & Gimenez M. (2001). Specific and transfer 
effects induced by arm or leg training. Int J Sports Med 22, 517-524. 
 
Trappe S, Harber M, Creer A, Gallagher P, Slivka D, Minchev K & Whitsett D. (2006). 
Single muscle fiber adaptations with marathon training. J Appl Physiol 101, 721-
727. 
206 
 
 
Tremblay MS & Willms JD. (2000). Secular trends in the body mass index of Canadian 
children. CMAJ 163, 1429-1433. 
 
Tschakovsky ME & Hughson RL. (1999). Interaction of factors determining oxygen uptake 
at the onset of exercise. J Appl Physiol 86, 1101-1113. 
 
Tsolakis C, Vagenas G & Dessypris A. (2003). Growth and anabolic hormones, leptin, and 
neuromuscular performance in moderately trained prepubescent athletes and 
untrained boys. J Strength Cond Res 17, 40-46. 
 
Turley KR & Wilmore JH. (1997a). Cardiovascular responses to submaximal exercise in 7- 
to 9-yr-old boys and girls. Med Sci Sports Exerc 29, 824-832. 
 
Turley KR & Wilmore JH. (1997b). Cardiovascular responses to treadmill and cycle 
ergometer exercise in children and adults. J Appl Physiol 83, 948-957. 
 
Turner DL, Hoppeler H, Claassen H, Vock P, Kayser B, Schena F & Ferretti G. (1997). 
Effects of endurance training on oxidative capacity and structural composition of 
human arm and leg muscles. Acta Physiol Scand 161, 459-464. 
 
Twisk JWR. (2007). Physical activity and health. In Paediatric Exercise Physiology, ed. 
Armstrong N, pp. 325 - 346. Churchill Livingstone Elsevier, Philadelphia. 
 
Unnithan V, Holohan J, Fernhall B, Wylegala I, Rowland TW & Pendergast DR. (2009). 
Aerobic cost in elite female adolescent swimmers. Int J Sports Med 30, 194-199. 
 
Unnithan V, Rowland TW, Cable NT & Raine N. (1997). Cardiac responses to exercise in 
elite male junior cyclists. In Children and Exercise XIX, ed. Armstrong N, Kirby BJ 
& Welsman J, pp. 501-506. E & FN Spon, London. 
 
Unnithan VB, Timmons JA, Brogan RT, Paton JY & Rowland TW. (1996). Submaximal 
running economy in run-trained pre-pubertal boys. J Sports Med Phys Fit 36, 16-23. 
 
van Beekvelt MCP, Mireille CP, van Engelen BGM, Wevers RA & Colier WNJM. (2002). 
In vivo quantitative near-infrared spectroscopy in skeletal muscle during 
incremental isometric handgrip exercise. Clin Physiol Funct Imaging 22, 210-217. 
 
Van Praagh E & Dore E. (2002). Short-term muscle power during growth and maturation. 
Sports Med 32, 701-728. 
 
Vandewalle H, Peres G & Monod H. (1987). Standard anaerobic exercise tests. Sports Med 
4, 268-289. 
 
Vandewalle H, Vautier JF, Kachouri M, Lechevalier JM & Monod H. (1997). Work-
exhaustion time relationships and the critical power concept - A critical review. J 
Sports Med Phys Fit 37, 89-102. 
 
207 
 
Venckunas T, Raugaliene R & Stasiulis A. (2008). Relationship of training versus 
echocardiographic parameters to competitive results in distance running. Int J 
Sports Med 29, 96-101. 
 
Ventura-Clapier R, De Sousa E & Veksler V. (2002). Metabolic myopathy in heart failure. 
News Physiol Sci 17, 191-196. 
 
Vincent WJ. (1999). Statistics in Kinesiology. Human Kinetics, Northridge. 
 
Volianitis S, Yoshiga CC, Nissen P & Secher NH. (2004). Effect of fitness on arm vascular 
and metabolic responses to upper body exercise. Am J Physiol-Heart Circul Physiol 
286, H1736-H1741. 
 
Walker PM, Brunotte F, Rouhier-Marcer I, Cottin Y, Casillas JM, Gras P & Didier JP. 
(1998). Nuclear magnetic resonance evidence of different muscular adaptations 
after resistance training. Archives of Physical Medicine and Rehabilitation 79, 
1391-1398. 
 
Warburton DER, Haykowsky MJ, Quinney HA, Blackmore D, Teo KK & Humen DP. 
(2002). Myocardial response to incremental exercise in endurance-trained athletes: 
influence of heart rate, contractility and the Frank-Starling effect. Exp Physiol 87, 
613-622. 
 
Wasserman K, Whipp BJ, Koyl SN & Beaver WL. (1973). Anaerobic threshold and 
respiratory gas exchange during exercise. J Appl Physiol 35, 236-243. 
 
Webb DR. (1990). Strength training in children and adolescents. Pediatr Clin N Am 37, 
1187-1210. 
 
Weber G. (1976). Growth and Physical Training with Reference to Heredity. Journal of 
Applied Physiology 40, 211-215. 
 
Weber G, Kartodihardjo W & Klissouras V. (1976). Growth and physical-training with 
reference to heredity. J Appl Physiol 40, 211-215. 
 
Wedderkopp N, Froberg K, Hansen HS & Andersen LB. (2004). Secular trends in physical 
fitness and obesity in Danish 9-year-old girls and boys: Odense School Child Study 
and Danish substudy of the European Youth Heart Study. Scandinavian Journal of 
Medicine & Science in Sports 14, 150-155. 
 
Welsman J & Armstrong N. (2000). Statistical techniques for interpreting body size-related 
exercise performance during growth. Pediatr Exerc Sci 12, 112-127. 
 
Welsman J, Armstrong N, Chedzoy S & Withers S. (1996). Aerobic training in 10 year old 
and adult females. Med Sci Sports Exerc 28, 3. 
 
Welsman J, Armstrong N & Withers S. (1997). Responses of young girls to two modes of 
aerobic training. Br J Sports Med 31, 139-142. 
208 
 
 
Welsman J, Bywater K, Farr C, Welford D & Armstrong N. (2005). Reliability of peak 
VO2 and maximal cardiac output assessed using thoracic bioimpedance in children. 
Eur J Appl Physiol 94, 228-234. 
 
Weltman A. (1989). The lactate threshold and endurance performance. Adv Sports Med 
Fitness 2, 91-116. 
 
Weltman A, Snead D, Seip R, Schurrer R, Weltman J, Rutt R & Rogo A. (1990). 
Percentages of maximal heart-rate, heart-rate reserve and VO2max for determining 
endurance training intensity in male runners. Int J Sports Med 11, 218-222. 
 
Wessel HU & Paul MH. (1987). Reproducibility of oxygen uptake measured at rest and 
during cycle exercise in children and young adults (Abstract). Proceedings of North 
American Society of Pediatric Exercise Medicine. 
 
Whipp BJ. (1994). The slow component of O2 uptake kinetics during heavy exercise. Med 
Sci Sports Exerc 26, 1319-1326. 
 
Whipp BJ, Davis JA, Torres F & Wasserman K. (1981). A test to determine parameters of 
aerobic function during exercise. Journal of Applied Physiology: Respiratory, 
environmental and exercise physiology 50, 217-221. 
 
Whipp BJ & Ward SA. (1990). Physiological determinants of pulmonary gas-exchange 
kinetics during exercise. Med Sci Sports Exerc 22, 62-71. 
 
Whipp BJ, Ward SA, Lamarra N, Davis JA & Wasserman K. (1982). Parameters of 
ventilatory and gas-exchange dynamics during exercise. J Appl Physiol 52, 1506-
1513. 
 
Whipp BJ, Ward SA & Rossiter HB. (2005). Pulmonary O2 uptake during exercise: 
conflating muscular and cardiovascular responses. Medicine & Science in Sports & 
Exercise 37, 1574-1585. 
 
Whipp BJ & Wasserman K. (1972). Oxygen uptake kinetics for various intensities of 
constant-load work. J Appl Physiol 33, 351-&. 
 
WHO. (2010). Child Health. 
 
Wilkerson DP. (2006). Oxygen uptake kinetics during supra-maximal intensity exercise In 
Manchester Metropolitan University  Manchester, Manchester. 
 
Wilkerson DP, Berger NJA & Jones AM. (2006). Influence of hyperoxia on pulmonary O2 
uptake kinetics following the onset of exercise in humans. Respir Physiol Neuro 
153, 92-106. 
 
209 
 
Williams CA. (2008). Maximal intensity exercise. In Paediatric Exercise Science and 
Medicine, ed. Armstrong N & Van Mechelen W, pp. 227-241. Oxford University 
Press, Oxford. 
 
Williams CA, Armstrong N & Powel J. (2000). Aerobic responses of prepubertal boys to 
two modes of training. British Journal of Sports Medicine 34, 168-173. 
 
Williams CA, Carter H, Jones AM & Doust JH. (2001). Oxygen uptake kinetics during 
treadmill running in boys and men. J Appl Physiol 90, 1700-1706. 
 
Williams MM & Hawley JA. (1989). Relationship between upper body anaerobic power 
and freestyle swimming. Med Sci Sport Exerc 21, S104. 
 
Winter EM. (1991). Cycle ergometery and maximal intensity exercise. Sports Med 4, 296-
301. 
 
Yoshida T & Whipp BJ. (1994). Dynamic asymmetries of cardiac-output transients in 
response to muscular exercise in man. J Physiol-London 480, 355-359. 
 
Zakas A, Mandroukas K, Karamouzis G & Panagiotopoulou G. (1994). Physical training, 
growth hormone and testosterone levels and blood pressure in prepubertal, pubertal 
and adolescent boys. Scand J Med Sci Sports 4, 113-118. 
 
Zanconato S, Baraldi E, Santuz P, Rigon F, Vido L, Da Dalt L & Zacchello F. (1989). Gas 
exchange during exercise in obese children. Eur J Pediatr 148, 614-617. 
 
Zanconato S, Buchthal S, Barstow TJ & Cooper DM. (1993). P-31-magnetic resonance 
spectroscopy of leg muscle metabolism during exercise in children and adults. J 
Appl Physiol 74, 2214-2218. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
210 
 
Chapter 11 
 
Appendices 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
211 
 
 
 
 
                               Heart size, fitness and training in children 
                                              Information Sheet  
 
 
School Of Sport And Health 
Sciences 
St Luke's Campus 
Heavitree Road 
EXETER 
EX1 2LU 
 
Telephone - 01392 264812 
Fax - 01392 264706 
Email - 
K.A.Stoedefalke@ex.ac.uk 
What is the project about? 
We are interested in finding out how big you heart is and whether or not this is related to 
how fit you are and how this compares with children who aren’t involved in swim training.  
We plan to measure your fitness and heart size so we can see how your age and swim 
training affect your heart size and function, fitness levels and swim performance. 
 
Who is taking part in the study? 
We need boys and girls aged 9 to 12 years from the Exeter City Swim Club or local schools 
to take part in the project. 
 
What will I be asked to do? 
If you volunteer for this study we will ask you to visit the University for once session.   
 
Firstly, we will ask you to do a test on a stationary exercise bike.  The test will start off easy 
and get harder and harder. You will need to breathe through a mouthpiece to allow us to 
measure all the air that you breathe in and out. We will ask you to exercise as long as you 
can.  The exercise tests usually last 10-15 minutes.  At the end of the test we will take a 
fingertip blood sample to measure lactate levels.  Lactate levels give us an indication of 
how hard you were working during the exercise test. During the exercise test we will use a 
technique called thoracic bioelectrical impedance to allow us to see what your heart is 
doing and how it is working when you do some exercise.  It works by electrodes stuck on 
your skin picking up signals in your body as your heart beats.  Again this method is not 
dangerous and you cannot feel it. 
 
We would also like to assess how mature you are.    To do this we will ask you to look at 
some line drawings of children at different stages of growth and get you to say which one is 
most like you.  Specifically, the line drawings will ask you to identify whether or not you 
have pubic hair and if you do, which drawing is most representative of your development. 
In addition, if you are a girl, we will want to know whether or not you have started your 
periods.  The reason for this assessment is that children of the same age can be at different 
Appendix 1A 
 
212 
 
stages of maturity.  You will do the assessment in an enclosed room, on your own.  When 
you are done we ask that you please place the completed forms into and envelope, seal the 
envelope and give it to the researcher.  If you do not feel comfortable with doing this, you 
do not have to, but you can still take part in the study.     
 
What do I need to wear? 
For all of the exercise tests and scans you should wear your PE kit (shorts and t-shirt).   
 
When will I do it? 
You will complete the tests at a time suitable for you and your parents – either on your own 
or with other friends who are involved if this is possible. The tests will take place at the 
Children’s Health & Exercise Research Centre at the University of Exeter (St Luke’s 
Campus in Heavitree Road).  If it is difficult for you to get to us we can arrange transport to 
and from the Centre with two members of the research team.  
 
What if I want to drop out of the study? 
Whether or not you take part in the study is entirely up to you. You can drop out of the 
study at any time and no one will be upset or cross with you. 
 
What will you do with the results? 
All the results we collect will be stored on computer.  We are happy to tell you about your 
results but no one else will be told.  We will write the study up as a paper and present the 
results to other researchers but your personal information will remain confidential. 
 
Do you have any further questions? 
If you have any questions regarding the scan or the study generally please contact Dr. Jo 
Welsman on 01392 264903 or Dr Kerstin Stoedefalke on 01392 262812 and we will be 
happy to talk to you.  If you would like to participate please complete the consent form 
attached and return it to us via the swimming club/school. We will contact you via the 
club/school when we are ready to start testing. 
 
With best wishes, 
Dr. Kerstin Stoedefalke                                                                           Dr. Joanne Welsman 
+44 (0) 1392 262812                                                                               +44 (0) 1392 264812 
K.A.Stoedefalke@ex.ac.uk                                         J.R.Welsman@ex.ac.uk 
 
This study has been reviewed and approved by the School of 
Sport and Health Sciences Ethics Committee 
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Influence of training and exercise modality on the oxygen uptake 
kinetics of girls 
 
 
              Information sheet 
School Of Sport And  
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-office 
@exeter.ac.uk 
www.exeter.ac.uk/sshs 
Dear Participant and Parent/Guardian, 
 
May I begin by thanking you for taking the time to read this information sheet, it will 
provide you with the details of our forthcoming study and hopefully provide you with the 
information you require to help you decide if you want to allow your daughter/s to 
participate in our study. It is important to say at this point that the decision about whether to 
take part is entirely up to you and your daughter(s) and that your daughter(s) will not be 
disadvantaged in the future with regard to other studies should you decide not to 
participate. 
 
What is the study about? 
The aim of the current study is to investigate the differences in the fitness of young girls. 
We want to carry out a comparison between girls of a normal activity level (i.e. school P.E. 
lessons) with those involved in intense training. The girls in our training group will be 
swimmers from a local swimming club and the girls in our non-trained group will be 
children from the local schools. We would also like to look into the effect that two different 
modes of exercise (a stationary bike and a stationary arm crank) have on the results of these 
tests. This will be the first study to look at the effect of different exercise machines on 
trained and untrained girls. We hope this research will improve our understanding of 
children’s fitness and help us to improve the physical activities that occur in schools. 
 
What types of participants are needed? 
We are looking for two groups of girls, one group of around 10 girls of 10-12 years of age 
and another group of around 10 girls of 13-15 years of age, who are not involved in any 
form of organised sport or physical activity outside of that provided as part of the National 
Curriculum. The children must have no pre-existing injuries or illnesses. 
 
What will the participants be asked to do? 
The participants will be asked to visit School of Sport and Health Sciences on St. Luke’s 
campus on several occasions (roughly 7-9 times). The visits will involve: 
 
First two visits:  
We will measure how tall and heavy the participant is and we will also measure the 
thickness of the skin and fat on their arm, back and stomach. We also need to measure how 
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physically mature they are. This will be done by showing the participant some drawings of 
children at different stages of growth and asking them to record which is most like them. 
This will be done on their own, in a private room and their scores will put in a sealed 
envelope which only the researcher will open. Specifically the drawings will ask them to 
identify whether they have pubic hair or not and if they do, which drawing is most like 
them. We will also ask them to record whether or not they have started their periods. The 
reason for this assessment is that children of the same age can be at very different levels of 
maturity, there is no right or wrong level but the results can help us understand the results 
of the exercise tests. If you or your daughter does not feel comfortable with this they do not 
have to do it but will still be able to take part in our study. 
 
During these visits the participant will also be asked to complete two incremental exercise 
tests. One of these tests will be done on the stationary bike and one on the arm crank. These 
tests will start off easy and get harder and harder and will be stopped when the participant 
says they can’t keep going. During these tests the participant will be breathing into a mask 
to allow us to measure the air that they breathe in and out. This mask does not make 
breathing any harder and the participant can talk through it and remove it at any time they 
feel uncomfortable about wearing it. The participant will also have a heart rate monitor 
strap on to allow us to record the rate at which their heart beats throughout the test. The 
tests will last approximately 10 minutes. 
 
Following Visits:  
These visits will all involve completing the same type of test multiple times on each 
exercise machine. The test is called a constant work rate test and during this test the 
participant starts pedalling with no resistance and then 4 minutes after they started 
pedalling the resistance is increased to a participant-specific level. This resistance will be 
hard work but will not be the highest resistance against which they are capable of 
exercising. They will do 8 minutes at this resistance and will then go back to 6 minutes of 
unloaded pedalling for recovery. During these tests the participant will again be asked to 
breathe into the mouth mask and will have the heart rate monitor strap on. We also want to 
measure what happens to the oxygen in the participants muscle which we can do using a 
small electrode. This is like a plaster which is stuck to the skin on the leg or arm. This 
method is completely safe and they will not feel it. At the end of the test we will take a 
fingertip blood sample to measure the amount of lactate in their muscles. This gives us an 
idea of how hard they were working because it is only produced during hard work. If the 
participant is not happy to have a fingertip blood sample they will not be forced to have one 
and not having one does not mean they can’t participate in the rest of the tests. 
 
Below is a picture of the arm crank and the bike that will be used (or very similar to). 
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Why do I have to come in so many times? 
The reason so many visits are required is because we are looking at the way in which you 
breathe and that varies a lot between tests. We therefore have to do the test a lot of times so 
we can tell where the real breathing pattern is and what was a cough or a sigh etc. 
 
Will I need to do anything special for the study? 
The only things we ask our participants to do is to not drink alcohol (if over 18) or 
undertake strenuous activity in the 12 hours before the tests. We also ask that you do not eat 
or drink caffeinated drinks in the three hours before your test. These requests are simply to 
make sure we get the most accurate response to exercise rather than, for example, the 
response to digestion or being tired from previous activity. 
 
When will the study take place? 
The study will take place during school holiday time to ensure the minimum disruption to 
the participant’s learning or other commitments. The girls will be asked to come to 
participate in the study in groups with their friends. Each exercise test will last 
approximately 30 minutes in total, including the warm up and warm down periods. Visits to 
the laboratory will last no longer than three hours. 
 
What happens if they want to drop out of the study? 
If at any point during any of these tests the participant decides they no longer wish to 
partake the test will be safely stopped and the participant given time to decide if they wish 
to stop participating in the entire study or to try again. The participant will not be 
disadvantaged in any way by choosing to stop participating and will not be forced to 
continue if they do not want to. 
 
What will the information be used for? 
The results collected will be written up for other scientists, both nationally and 
internationally, who are interested in children’s fitness. Any results used will always be 
anonymous and in no way will the individual participant be identifiable. You are more than 
welcome to a copy of the results and the resulting papers should you wish. On collection 
the data will be assigned a numeric code to ensure anonymity and will be securely stored 
within the University of Exeter so only those mentioned below will be able to gain access 
to it.  
 
What if participants or parents/guardians have any questions? 
If you have any questions about our study, either now or in the future, please do not hesitate 
to contact us: 
 
Dr. Joanne Welsman       Melitta Winlove 
Telephone: 01392 262887      07739351081 
Email: J.R.Welsman@exeter.ac.uk     maw203@ex.ac.uk 
 
Who has approved this study? 
The Ethics Committee of the School of Sport and Health Sciences has reviewed and 
approved this project. 
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Once again we thank you for your time and look forward to your response. 
We hope you will want to participate! 
 
 
Influence of training and exercise modality on the oxygen uptake 
kinetics of girls 
 
 
               Information sheet 
School Of Sport And Health 
Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
Dear Participants and Parent/Guardian, 
 
May I begin by thanking you for taking the time to read this information sheet, it will 
provide you with the details of our forthcoming study and hopefully provide you with the 
information you require to help you decide if you want to allow your daughter/s to 
participate in our study. It is important to say at this point that the decision about whether to 
take part is entirely up to you and your daughter(s) and that your daughter will not be 
disadvantaged in the future with regard to other studies should you decide not to 
participate. 
 
What is the study about? 
The aim of the current study is to investigate the differences in the fitness of young girls. 
We want to carry out a comparison between girls of a normal activity level (i.e. school P.E. 
lessons) with those involved in intense training. We would also like to look into the effect 
that two different modes of exercise (a stationary bike and a stationary arm crank) have on 
the results of these tests. This research will improve our understanding of children’s fitness 
and help us to improve the physical activities that occur in schools. 
 
What types of participants are needed? 
We are looking for around 10 girls of 13-15 or 18+ years of age who are involved in 
swimming training of at least 6+ hours a week. They must have been undergoing such 
training for more than a year. The children must have no pre-existing injuries or illness. 
 
What will the participants be asked to do? 
The participants will be asked to visit the School of Sport and Health Sciences on St. 
Luke’s campus on several occasions (roughly 7 times). The visits will involve: 
 
First Two Visits:  
We will measure how tall and heavy the participant is and we will also measure the 
thickness of the skin and fat on their arm, back, stomach and thigh. We also need to 
measure how physically mature they are. This will be done by showing the participant 
some drawings of children at different stages of growth and asking them to record which is 
most like them. This will be done on their own, in a private room and their scores will put 
in a sealed envelope which only the researcher will open. The reason for this assessment is 
that children of the same age can be at very different levels of maturity, there is no right or 
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wrong level but the results can help us understand the results of the exercise tests. If you or 
your daughter does not feel comfortable with this they do not have to do it but will still be 
able to take part in our study. 
 
During these visits the participant will be asked to complete two incremental exercise tests. 
One of these tests will be done on the stationary bike and one on the arm crank. These tests 
will start off easy and get harder and harder and will be stopped when the participant says 
they can’t keep going. During these tests the participant will be breathing through a 
mouthpiece (like a snorkel) to allow us to measure the air that they breathe in and out. The 
participant will also have a heart rate monitor strap on to allow us to record the rate at 
which their heart beats throughout the test. The test will last approximately 10 minutes. 
 
Following Visits:  
These visits will all involve completing the same type of test. The test involves the 
participant initially pedalling against no resistance and then after 4 minutes the resistance 
increases to a participant-specific level. This resistance will be hard work but will not be 
the highest resistance against which they are capable of exercising. They will do 8 minutes 
at this resistance and will then go back to 6 minutes of unloaded pedalling for recovery. 
During these tests the participant will again be asked to breathe through the snorkel 
mouthpiece and will have the heart rate monitor strap on. We also want to measure what 
happens to the oxygen in the participants muscle which we can do using a small electrode. 
This is like a plaster which is stuck to the skin on the leg or arm. This method is completely 
safe and they will not feel it. At the end of the test we will take a fingertip blood sample to 
measure the amount of lactate in their muscles.  
 
Below is a picture of the arm crank and the bike that will be used. 
  
 
Will I need to do anything special for the study? 
The only things we ask our participants to do is to not drink alcohol (if over 18) or 
undertake strenuous activity in the 12 hours before the tests. We also ask that you do not eat 
or drink caffeinated drinks in the three hours before your test. These requests are simply to 
make sure we get the most accurate response to exercise rather than, for example, the 
response to exercise and digestion. 
 
When will the study take place? 
The study will take place at a mutually agreed convenient time. The study will not interfere 
with training times or with upcoming competitions. The girls will be asked to come to the 
School of Sports and Health Sciences in groups with their friends. Each exercise test will 
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last approximately 30 minutes in total, including the warm up and warm down periods.  
Visits to the laboratory will last no longer than three hours. 
 
What happens if they want to drop out of the study? 
If at any point during any of these tests the participant decides they no longer wish to 
partake the test will be safely stopped and the participant given time to decide if they wish 
to stop participating in the entire study or to try again. The participant will not be 
disadvantaged in any way by choosing to stop participating and will not be forced to 
continue if they do not want to. 
 
What will the information be used for? 
The results collected will be written up for other scientists, both nationally and 
internationally, who are interested in children’s fitness. Any results used will always be 
anonymous and in no way will the individual participant be identifiable. You are more than 
welcome to a copy of the results and the resulting papers should you wish. On collection 
the data will be assigned a numeric code to ensure anonymity and will be securely stored 
within the University of Exeter so only those mentioned below will be able to gain access 
to it.  
 
Will the study disrupt their training? 
The study will be conducted at times to ensure that no disruption to training or competition 
is encountered. It is hoped that the results of this study will benefit the participants in 
providing information they would not otherwise have access to. 
 
What if participants or parents/guardians have any questions? 
If you have any questions about our study, either now or in the future, please do not hesitate 
to contact us: 
 
 
Who has approved this study? 
The Ethics Committee of the School of Sport and Health Sciences has reviewed and 
approved this project. 
 
 
Dr. Joanne Welsman       Melitta Winlove 
Telephone: 01392 262887      07739351081 
Email: J.R.Welsman@exeter.ac.uk     maw203@ex.ac.uk 
 
 
Once again we thank you for your time and look forward to your response. 
We hope you will want to participate! 
 
 
 
 
 
219 
 
 
 
Influence of training and exercise mode on cardiovascular and 
short term power responses 
 
 
Information sheet for Parents/Guardians of Participants 
School Of Sport And Health 
Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
Thank you for showing an interest in this project.  Please read this information sheet 
carefully before deciding whether or not to participate.   
 
What is the Aim of the Project?  
 
This project forms part of a research orientated post graduate degree which is intended to 
provide meaningful and relevant information about children’s physiology. 
  
The aim of this project is to investigate how the heart responds to exercise and whether this 
response differs between intensively trained children and children of a more common 
activity level. We also want to see how the body provides the energy it needs for a short, 
sharp burst of exercise and, again, the effect that training has on this. We will use two 
modes of exercise, the arm crank and the stationary cycle, to look at this so we can assess 
differences in these responses by the upper and lower body. Information from this study 
will enhance our understanding of the effects of training on young people’s fitness and the 
way in which age influences the effects of training.  
 
Who can take part in this study?  
 
We are looking for two groups of volunteers aged 10-18 years of age, both male and 
female. The first group will be individuals who are not involved in any form of organized, 
regular training outside of normal PE and games lessons at school. The second group will 
be swimmers aged 10-18 years of age who are training at least 8 hours a week and who 
have been undergoing such training for at least one year. Participants can be male or 
female. Participants in either group must be free from current injuries or illness. 
 
What will Participants be Asked to Do? 
 
Participants will be asked to make 4 visits to our temporary laboratory set up in the school.  
 
On the first visit, we will measure height, sitting height and weight. We will also measure 
the thickness of the skin and fat on the arm, back, stomach and leg using calipers. As young 
people grow and mature at very different rates we also need to estimate maturity so we can 
fairly compare the results of the tests. This is be done by giving each individual 5 standard 
drawings of children at different stages of maturity for pubic hair development and asking 
them to record which is most like them. This is done individually, in private and the scores 
are put in a sealed envelope which only the researcher will open. This form of assessment is 
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routine for studies where understanding levels of maturity is critical to understanding the 
results of the exercise tests. 
 
On the first and second visit (24+ hours apart) participants will be asked to complete the 
same exercise test on two modes of exercise - the stationary cycle (visit 1) and the arm 
crank (visit 2). The arm crank is a cycle that uses your arms rather than your legs to turn 
the “pedals”. 
                              
Visits 1 and 2 
 
The first type of test is a progressive exercise test. This starts off very easy and gets harder 
and harder, like pedalling up a hill. The test is stopped when the participant cannot keep 
going. The test lasts approximately 10 minutes. Whilst the final stages of this test are 
uncomfortable the discomfort is very short and participants recover within minutes of 
completing the test. 
 
During these tests the participant will be asked to: 
• Wear a face mask so we can measure the air that they breathe in and out. 
This mask does not make breathing any harder and they can talk through it 
and remove it at any time they feel uncomfortable about wearing it.  
• Wear a heart rate monitor strap around the chest to allow us to record how 
fast the heart is beating throughout the test.  
• Have 6 small electrodes placed around the upper body (e.g. back and side) 
so we can see how the heart works in more detail during exercise. These 
electrodes are just like sticky plasters.  
• Have one more small electrode stuck on their arm (arm exercise) or leg 
(cycle exercise) so we can measure how oxygen is used in the muscles. 
• Allow a fingertip blood sample (only a few drops of blood) to be taken after 
the test is finished so we can measure how hard they were working using 
the amount of lactate produced by the body. 
 
All of these methods are used routinely in research with young people. These visits will 
take approximately 1 hour in total.  
 
Visit 3 and 4 
 
The participant’s will complete a 30 seconds “all-out” exercise test, one mode on each visit. 
This test allows us to see how much power an individual can produce and how quickly they 
get tired. During this test the participants will be asked to: 
• Wear a facemask like they did during the incremental tests 
Arm crank Stationary cycle 
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• Allow a fingertip blood sample after the exercise.. 
 
 These visits will last approximately 1 hour.  
 
Trained participants will also be asked to keep a training log for 1 month and provide a list 
of personal best times. This information gives us a way to describe the quantity of training 
done to other scientists.  
 
Can Participants Change their Mind and Withdraw from the Project? 
 
Participants may withdraw from any part of or the entire project at any time and without 
any disadvantage to them of any kind.  
 
What Information will be collected and what use will be made of it? 
 
Results will always be anonymous and no individual participant will be identifiable. This is 
ensured by the assignment of a numeric code. All data collected will be securely stored 
within the University of Exeter so only the researchers mentioned below will be able to 
gain access to them. Data will remain securely stored after dissemination of the results to 
inform future research. The results collected will be written up for other scientists, both 
nationally and internationally, who are interested in young people’s fitness. A general 
summary of the results will be available as will copies of any resulting papers. 
 
Will participants need to do anything special for the study? 
 
We also ask that they do not eat or drink caffeinated drinks (e.g. coca-cola, tea coffee) in 
the three hours before your test. We also ask that they do not participate in unaccustomed 
exercise in the 24 hours prior to their sessions with the University. 
 
What if Participants have any Questions? 
 
If you have any questions about our project, either now or in the future, please feel free to 
contact either:- 
 
Melitta Winlove   or    Dr Jo Welsman 
07739 3351081       01392 262887 
maw203@ex.ac.uk      J.R.Welsman@exeter.ac.uk 
 
What to do next…. 
 
If all your questions have been answered to your satisfaction, please complete the 
attached consent forms and health questionnaire and return to the teacher/coach as 
indicated. Participants will be contacted either directly or via the teacher/coach to 
arrange the testing sessions. 
 
Once again we thank you for your time and look forward to your response. 
 
This project has been reviewed and approved by the Ethics Committee 
of the School of Sport and Health Sciences 
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Influence of training and exercise mode on cardiovascular and short 
term power responses 
 
 
           Information sheet for Participants 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
Thank you for showing an interest in this project.  Please read this information sheet 
carefully before deciding whether to participate.  If you want to participate, we thank you.  
If you decide not to take part that is fine and won’t mean you can’t take part in any other 
future studies.  
 
What is the Aim of the Project? 
We are interested in the whether training affects the way in which the body responds to 
exercise. We are especially interested in how the heart responds to exercise and how your 
muscles fuel different exercise challenges. We want to look at these things using two 
different types of exercise, the bike and the arm crank (bike you “pedal” with your arms) 
because swimming training uses both the arms and the legs.  
 
 
Who can take part in this study? 
We are looking for males and females aged 9-18 years of age. We want two groups of 
people: a group who are not involved in any regular sports training, i.e. most of the activity 
they do is in P.E. lessons at school and a group who are involved in swimming training. 
The swimmers need to have been training for at least 8 hours a week for more that 1 year. 
All participants must not have any current illness or injury. 
 
What will I be asked to do? 
In total, we will ask you to come to in four times; each visit will last approximately 1 hour. 
 
Visit 1 (bike) 
In the laboratory set up at your school, we will measure how tall and heavy you are and 
measure how much fat there is on your arms, back, tummy and leg using a fold of skin and 
fat. We will also ask you to look at 5 standard drawings (showing how pubic hair develops) 
and mark which is most similar to you. This is so we know how mature you are. You will 
do this on our own and only the researchers named below will see the answer. 
 
You will then do a test on the bike that is like pedaling up hill. It will start off very easy and 
get harder. The test will last around 10 minutes and will be stopped when you say you can’t 
keep going. The end of this test feels like the end of a cross country run but this feeling will 
only last a minute or so. During this you will have a mask on so we can measure your 
breathing. This will not change how you breathe or make it more difficult. There will also 
be a strap across your chest which tells us your heart rate. You will also have 7 small sticky 
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plasters attached to your body (for example on your leg, back and side). These tell us how 
your heart and muscles respond. They do not hurt. At the end of the test we will ask to take 
a couple of drops of blood from a fingertip so we can see how hard you worked. 
 
Visit 2 (arm crank) 
You will complete the same test as on visit 1 but using the arm crank instead of the bike. 
 
Visit 3 (bike) & 4 (arm crank) 
You will be asked to do a 30 second test where you work as hard as you can for the whole 
30 seconds. During these tests you will have a strap across your chest and a mask on like 
the previous tests. Like after the first two tests, we will ask to take a couple of drops of 
blood. 
 
Swimmers will also be asked to keep a training log for a month and give us a list of PBs. 
This provides us with an idea of the volume and hours of training you are involved in. 
 
  
Can I Change My Mind and Withdraw from the Project? 
You may withdraw from participation in any part or the entire project at any time and 
without any disadvantage to yourself of any kind. If you do withdraw we will use the 
results we have already collected but no one will be able to identify them as yours.  
 
What information will be collected and what use will be made of it? 
The results collected will be written up for other scientists, both nationally and 
internationally, who are interested in children’s fitness. In no way will you or your results 
be identifiable. You are welcome to a summary of your results if you would like them. 
 
Will I need to do anything special for the study? 
We ask that you do not eat or drink caffeinated drinks (e.g. coca-cola, tea, coffee) in the 3 
hours before your test. We also ask that you do not participate in activity you do not 
normally do in the 24 hours before your sessions with the university. 
 
What if I have a question/s? 
If you have any questions please feel free to contact either:- 
 
Melitta Winlove   or   Dr Jo Welsman 
07739 3351081      01392 262887 
maw203@ex.ac.uk     J.R.Welsman@exeter.ac.uk 
These pictures show the type of bike and arm crank you 
will be using: 
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What to do next…. 
Please fill in the attached consent forms and health questionnaire and return to your 
teacher/coach as directed. One of the researchers listed will be in contact with you 
through your teacher or coach to arrange the exercise tests. 
 
Once again we thank you for your time and look forward to your response. 
 
 
Melitta Winlove    Dr Jo Welsman 
 
This project has been reviewed and approved by the Ethics Committee 
of the School of Sport and Health Sciences 
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Heart size, fitness and training in children 
 
Consent Form 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
 
 
To be completed by the Parent/Guardian 
 
I consent for my child…………………………to attend the Research Centre to take part in 
a longitudinal study investigating heart size and training and how it relates to endurance 
fitness in children.  I have read the information sheet provided and had the opportunity to 
discuss the study with the researchers.  I understand that my child will be involved in up to 
three visits to the Centre each year.  I understand that my child will be involved in magnetic 
resonance scanning.  In addition I understand that my child will complete an exercise test 
on both a cycle ergometer and a swim bench.  I also understand that my child will have a 
fingertip blood sample taken after the exercise tests.  I understand that the data collected in 
this study will be stored confidentially and used to prepare scientific reports and 
presentations but my child’s individual results will not be identifiable.  I understand that my 
child can drop out of the study at any time without giving a reason. 
 
Signed………………………………..Parent/Guardian.  Date………………… 
 
Name of school your child attends……………………………………………… 
 
Home phone number/e-mail ……………………………………………………. 
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To be completed by the child participant 
 
I am happy to take part in some exercise tests at the Research Centre.  These have been 
explained to me and I understand what I will be asked to do. 
 
I know I will be coming on three separate occasions each year and on one occasion will 
have some scans taken of my heart.  I also know that each year, for six years, I will be 
invited back to repeat the same tests. 
 
I know that I can stop taking part in the study at any time, even during the scan or exercise 
tests, without affecting my relationship with the researchers or the swimming club. 
 
Signed……………………………….Child Participant  
 
 
 
Dr Kerstin Stoedefalke                                                                        Dr Joanne Welsman 
+44 (0) 1392 262812                             +44 (0) 1392 264812 
K.A.Stoedefalke@ex.ac.uk                                   J.R.Welsman@ex.ac.uk 
 
 
This study has been approved by the School of Sport and Health Sciences Ethics 
Committee 
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Influence of Exercise Mode on the Oxygen Uptake Kinetics of 
Trained and Untrained Girls 
 
 
           Consent form for Participants 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
 
I have read the Information Sheet concerning this study and understand what it is about and 
what is involved. All my questions have been answered to my satisfaction. I understand 
that I am free to ask for more information at any stage. 
 
I know that: 
 
1) I will be asked to perform two maximal effort tests, one on the stationary bike and 
one on the arm crank. 
 
2) I will be asked to complete total of roughly 6 additional exercise tests using two 
different types of exercise. 
 
3) I will be asked to allow a fingertip prick for drops of blood to be collected. 
 
4) During the exercise test my heart rate and breathing will both be monitored 
continuously, as will changes in oxygen levels in the muscle. 
 
5) I will be asked to assess my level of physical maturity with reference to standard 
drawings. 
 
6) My participation is entirely my own choice. 
 
7) I am free to stop taking part in the study at any time without any problems. 
 
8) My results will be kept safe in secure storage; 
 
9) The results of the study may be published but no one will know which results were 
mine. 
 
 
I agree to take part in this project. 
 
 
.............................................................................   …………….       
(Signature of participant)           (Date) 
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Influence of Exercise Mode on the Oxygen Uptake Kinetics of 
Trained and Untrained Girls 
 
 
           Assent form for Parent 
 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
I have read the Information Sheet concerning this study and understand what it is about and 
the methods involved. All my questions have been answered to my satisfaction. I 
understand that I am free to request further information at any stage. 
 
I know that: 
 
1) My child will be asked to perform two maximal effort tests, one on the stationary 
bike and one on the arm crank. 
 
2) The duration of this incremental test is determined by the child. 
 
3) My child will be asked to complete roughly 6 additional exercise tests using two 
different exercise modalities. 
 
4) My child will be asked to provide fingertip blood samples. 
 
5) During the exercise test heart rate and the participant’s breathing will both be 
monitored continuously, as will changes in oxygen levels in the muscle. 
 
6) My child will be asked to assess their level of maturity with reference to standard 
drawings. 
 
7) My child’s participation is entirely voluntary. 
 
8) My child is free to withdraw from the study at any time without any disadvantage; 
 
9) Any raw data on which the results of the project depend will be retained in secure 
storage; 
 
10) The results of the study may be published but my child’s anonymity will be 
preserved. 
 
I give permission for my child to take part in this project. 
 
 
.............................................................................   …………….       
(Signature of parent/guradian)           (Date) 
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Influence of Exercise Mode on the Oxygen Uptake Kinetics of 
Trained and Untrained Girls 
 
 
           Consent form for Participant 
 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
I have read the Information Sheet and understand what I am being asked to do. All my 
questions have been answered to my satisfaction. I understand that I am free to ask for 
more information at any stage. 
 
I know that: 
 
1) I will be asked to perform two maximal effort tests, one on the stationary bike and 
one on the arm crank. 
 
2) I will be asked to complete two additional tests that require a maximal effort for 30 
seconds. 
 
3) I will be asked to allow a fingertip prick for drops of blood to be collected for 
analysis. 
 
4) During the exercise test my heart rate and breathing will both be monitored 
continuously, as will changes in oxygen levels in the muscle. The pattern of my 
heart will also be monitored throughout the first two maximal tests. 
 
5) I will be asked to assess my level of physical maturity with reference to standard 
drawings. 
 
6) My participation is entirely my own choice. 
 
7) I am free to stop taking part in the study at any time without any problems. 
 
8) My results will be kept safe in secure storage; 
 
9) The results of the study may be published but no one will know which results were 
mine. 
 
I agree to take part in this project. 
 
 
 
.............................................................................    …………….        
(Signature of participant)           (Date) 
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Influence of Exercise Mode on the Oxygen Uptake Kinetics of 
Trained and Untrained Girls 
 
 
           Assent form for Participant 
 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
I have read the Information Sheet concerning this study and understand what it is about and 
the methods involved. All my questions have been answered to my satisfaction. I 
understand that I am free to request further information at any stage. 
 
I know that ……………………………… (child’s name): 
 
1) Will be asked to perform two maximal effort tests, one on the stationary bike and 
one on the arm crank. 
 
2) Will be asked to complete two additional tests that require a maximal effort for 30 
seconds one on the stationary bike and one on the arm crank. 
 
3) Will be asked to provide fingertip blood samples after each exercise test. 
 
4) Will be asked to assess their level of maturity with reference to standard drawings. 
 
5) Will have her heart rate, heart function, breathing and muscle oxygen levels 
monitored continuously during the exercise tests.  
 
6) Can take part in this study if they want to but is free to withdraw from the study at 
any time without any disadvantage or giving a reason. 
 
I also understand that:  
 
7) Any raw data on which the results of the project depend will be retained in secure 
storage. 
 
8) The results of the study may be published but their anonymity will be preserved. 
 
 
I give permission for …………………………….. (child’s name) to take part in this 
project. 
 
 
.............................................................................    …………….       
 
           (Signature of Parent/Guardian)                      (Date) 
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HEALTH SCREEN FOR CHILD VOLUNTEERS (PARENTAL FORM) 
 
Name of child: ...............………………… 
 
It is important that volunteers participating in research studies are currently in good health 
and have had no significant medical problems in the past. This is: 
 
(i) To ensure their own continuing well-being 
(ii) To avoid the possibility of individual health issues confounding study outcomes. 
 
Your answers to the questions in this questionnaire, on behalf of your child, are strictly 
confidential. 
 
Please complete this brief questionnaire to confirm your child’s fitness to participate: 
 
1) At present, does your child have any health problem for which they are: 
(a) On medication, prescribed or otherwise  Yes   No 
(b) Attending a general practitioner   Yes  No 
(c) On a hospital waiting list    Yes   No 
 
2) In the past two years, has your child had any illness that required them to: 
(a) Consult your family GP     Yes   No 
(b) Attend a hospital outpatient department  Yes   No 
(c) Be admitted to hospital     Yes   No 
 
3)  Has your child ever had any of the following: 
 
(a) Convulsions/epilepsy    Yes   No 
(b) Asthma      Yes   No 
(c) Eczema      Yes   No 
(d) Diabetes      Yes   No 
(e) A blood disorder     Yes   No 
(f) Head injury     Yes   No 
(g) Digestive problems    Yes   No 
(h) Heart problems     Yes   No 
(i) Problems with bones or joints   Yes   No 
(j) Disturbance of balance/coordination  Yes   No 
(k) Numbness in hands or feet   Yes   No 
(l) Disturbance of vision    Yes   No  
(m) Ear / hearing problems    Yes   No 
(n) Thyroid problems     Yes   No 
(o) Kidney or liver problems    Yes   No 
(p) Allergy to nuts     Yes   No 
 
If YES to any question, please describe briefly if you wish (for example, to confirm 
problem was/is short-lived, insignificant or well controlled.) 
 
Thank you 
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Influence of Exercise Mode on the Oxygen Uptake Kinetics of 
Trained and Untrained Girls 
 
 
           Maturity Assessment 
 
School Of Sport And 
Health Sciences 
St Luke's Campus 
Heavitree Road 
Exeter, EX1 2LU 
 
Telephone:1392 264803 
Email: sshs-school-
office@exeter.ac.uk 
www.exeter.ac.uk/sshs 
 
• Please look at the five pictures below and read the sentence next to the picture 
carefully. 
 
 
• Then choose the picture that matches your stage of development and mark with a 
tick in the corner of the picture. 
 
There is no right or wrong answer so just choose the one that looks the most similar. 
 
 
Once you have finished return the form to the University staff in the envelope provided. 
 
 
ALL INFORMATION WILL BE HANDLED WITH THE STRICTEST OF 
CONFIDENCE, AND WILL ONLY BE VIEWED BY THE RESEARCH TEAM. 
 
 
 
 
                   
 
 
 
 
 There is no pubic 
hair at all. 
There is a little 
pubic hair. 
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Moderate amount of 
darker, curly and 
coarser hair 
extending outwards. 
Pubic hair is coarse 
and curly, looks like 
an adults but covers 
a smaller area. 
Coarse, thick, curly 
pubic hair extends to 
the inner thighs as 
an upside down 
triangle. 
